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A National Feed Assessment System (NFAS) is a complete set of procedures, 
facilities, tools, personnel, organizations, and institutions involved in the 
collecting, handling, processing of data necessary to calculate and report the 
supplies of livestock feeds from all sources and for all livestock types in a 
country. It is comprised of numerous components which interact in an 
integrated manner to achieve a common outcome, the National Feed 
Assessment (NFA). A NFA is a data- and computation-based analysis of the 
supplies and demands for livestock feeds in a country. 

Accurate assessments of current and future supplies and demands for livestock 
feed are needed for national food security policy and planning, as well as the 
setting of environmentally sustainable stocking rates.  Feed resources must be 
assessed and monitored to provide information for the development and 
implementation of policies that will contribute to the sustainable growth of 
national livestock sectors. Assessments will provide information on feed resource 
availabilities that will enable optimal policy decisions regarding the use of 
national feed resources.

This document provides guidance to countries in developing NFASs. Members of 
governments and research organizations who wish to establish NFASs will likely 
seek guidance on the technical issues and procedural aspects of building and 
institutionalizing NFASs. A set of recommended step-wise procedures is given for 
implementing NFASs, including procedures for planning, establishing, and 
updating a NFAS. It is hoped that using the information provided in this 
document countries will initiate activities to establish and maintain the NFA.
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Foreword

Demands for foods of animal origin are increasing globally, due to increasing population 
growth, urbanization and income growth. The limits of existing livestock production systems 
are being approached, if not exceeded, because of increased demands for livestock feeds 
vis-à-vis availability. Accurate assessments of current and future supplies and demands for 
livestock feed are needed for national food security policy and planning, as well as the set-
ting of environmentally sustainable stocking rates. National feed resources must be assessed 
and monitored to provide information that is useful for the development and implementa-
tion of appropriate policies that will contribute to the sustainable growth of national live-
stock sectors.

A wide range of livestock feed situations exists across different countries, environments 
and livestock production systems, ranging from spatially extensive pastoralist systems to 
intensive systems consisting of mixtures of crops and livestock, and extremely intensive and 
landless production systems in which livestock are fed entirely with transported feed. Crop-
based livestock systems have the most people, the most livestock, and are the most produc-
tive. In these systems, there is a need for continuing assessments of feed resources in support 
of more efficient and environmentally-friendly land use and improved livelihoods. These are 
diverse and complex systems with wide arrays of feed sources and types that must be quanti-
fied using diverse data from household surveys, agricultural statistics, markets and land use 
studies. In contrast, spatially extensive systems require livestock movements over large areas 
of relatively low productivity in environments where crop-based agriculture is not feasible. 
In these environments, remote-sensing data must be combined with modelling and ground 
data to monitor forage production over large, heterogeneous and often remote areas.

The aim of this manual is to provide guidance and tools to countries in developing 
National Feed Assessments (NFAs), based on what has already been learned from current 
approaches across a wide range of feed situations. Global and country level feed situations 
are reviewed to highlight the needs for quantitative assessments of livestock feeds in both 
developed and developing countries. Broad guidelines for the development of NFAs are 
provided, followed by detailed case studies and descriptions of methodologies that have 
been implemented in a variety of countries world-wide. The case studies include examples 
of spatially intensive and spatially extensive production systems, and examples from highly 
developed as well as developing countries. Based on inputs from a group of experts who 
met in Rome in November 2010, a set of recommended stepwise procedures is given for 
implementing NFAs, including procedures for their planning, establishing and updating. 

Berhe G. Tekola
Director

Animal Production and Health Division
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Introduction

What are National Feed Assessments and National Feed 
Assessment Systems?
Simply stated, a National Feed Assessment (NFA) is a data- and computation-based analysis 
of the supplies and demands for livestock feeds in a country, where livestock includes all beef 
and dairy cattle, sheep, goats, buffalo, swine, equines and poultry. Human foods include 
a substantial complement of livestock products which are, in turn, derived from a wide 
variety of plant-based feeds that are consumed by livestock. National agricultural statistics 
are used to assess food security, but these statistics have often just included statistics for 
livestock-based food supplies and have fallen short in assessing supplies of plant materials 
which are needed to support the livestock. An NFA bridges this gap by determining the total 
quantities of feed available to the livestock relative to the demands of the livestock for feed. 
Thus, both the supplies and the requirements for feed must be calculated. This is a complex 
task because livestock feeds are highly diverse and often poorly quantified; they are either 
not directly measurable commodities or are widely distributed over extensive grasslands and 
other rangeland environments which are poorly monitored, if at all. 

A National Feed Assessment System (NFAS) is a complete set of procedures, facilities, 
tools, personnel, organizations and institutions involved in the collecting, handling and 
processing of data necessary to calculate and report the supplies of livestock feeds from 
all sources and for all livestock types in a country. It is a system in the sense that it is more 
than the mere sum of its parts; it comprises numerous components which interact in an 
integrated manner to achieve a common outcome – a National Feed Assessment.

Why do we need National Feed Assessments?
Population growth, urbanization and income growth are driving enormous increases in 
demand for foods of animal origin. The limits of existing livestock production systems are 
being approached, if not exceeded, due to increasing demands for livestock feeds vis-à-vis 
availability. The situation is particularly acute in developing countries. The increasing demand 
for livestock products has far-reaching implications for human well-being, socio-economics, 
land use, the environment and animal health. Accurate assessments of current and future 
supplies and demands for livestock feed are needed for national food security policy and 
planning, as well as the setting of environmentally sustainable stocking rates. Feed resources 
must be assessed and monitored to provide information for the development and implemen-
tation of policies that will contribute to the sustainable growth of national livestock sectors. 
Assessments will provide information on feed resource availability that will enable optimal 
policy decisions regarding the use of national feed resources.

Information provided by livestock feed inventories would be of immense utility for 
policy-makers, government agencies, non-governmental organizations (NGOs), intergovern-
mental agencies and development agencies in formulating and implementing sustainable 
livestock development activities and for preparing and coping with climatic variations such 



xi

as droughts, floods, severe winter weather events and global climatic change. Spatial and 
temporal assessments of current and forecasted feed resources, including forage, will assist 
in disaster management and policy-making. Feed assessments would also inform decisions 
related to the nature and quantities of commodities, the feed resources that could be traded 
locally, potential areas for feed markets and feed resources involved in imports and exports. 
Estimates of feed resources and demands are needed to assess the fractions of food grain 
that are used for feed. 

Although livestock feed shortages have clearly constrained productivity in many coun-
tries, the impacts of feed shortages at national levels have been poorly characterized due 
to the lack of national scale feed assessments. In addition, information on the availability 
of feed ingredients at the country level will enhance the efficiency and profitability of the 
animal feed industry and assist researchers to formulate sustainable feeding strategies. Such 
information would also be useful for determining the input-output relations for countries 
such as the estimation of edible protein outputs versus protein inputs. Estimates of feed 
resources would also improve the accuracy of assessments of the environmental impacts of 
livestock resulting from land use transformations as well greenhouse gas emissions and ele-
ment fluxes (e.g. nitrogen) associated with livestock production. Production and consump-
tion of feeds would significantly affect the potential of ecosystems to sequester carbon. 
Country-level feed balances based on feed inventory data will facilitate planning within the 
livestock industry, for example in determining how many animals can be supported or pro-
duced based on existing feed resources, and in identifying what feed resources would and 
could be developed to achieve production objectives. Such efforts will, in turn, translate into 
enhanced food security balanced with environmental sustainability.

There is a wide spectrum of livestock feed situations globally and within individual 
countries, varying from intensive use of crop-based feeds and pastures to spatially extensive 
use of grasslands and rangelands. Land availability and water are key constraints on the 
production of alternative feeds for ruminants in the most intensive systems. A structured 
approach to planning for this increase in demand will be necessary if demand is to be met 
cost-effectively, with minimal social disruption and minimal environmental impacts. In arid 
and semi-arid regions, pastoralists graze their livestock in spatially extensive grazing systems 
characterized by large-scale seasonal movements. Livestock forage production is highly 
limited by rainfall, which is spatially and temporally variable. Knowledge of forage biomass 
availabilities and distributions can assist pastoralists in determining whether to move, buy or 
sell animals, and assess the level of risk for decision-making. Feed assessments are needed 
to provide useful information for food aid organizations, pastoralists, governments and 
development agencies.

The prospect of increasing feed demands raises the serious question of how these addi-
tional livestock feed requirements will be provided. Systematic approaches for accurately 
assessing livestock feed supplies are relatively undeveloped compared with long-standing 
programmes that inventory agricultural productivity (e.g. FAO, 1994, 2010). Furthermore, 
the quantification of livestock feeds has proved to be more challenging than the quantifica-
tion of total crop production for a number of reasons. Data needs and complexities increase 
with the addition of another trophic level. Data are needed for the production of numerous 
derived feedstuffs and the availabilities of forage for livestock. Many crop residues and by-
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products used for forage are not quantified because they have no direct market value. Many 
additional, but poorly quantified factors, constrain access to forage in spatially extensive 
rangelands and grasslands. 

Recently, the Livestock Data Innovation in Africa Project administered an online survey 
among livestock stakeholders to identify core livestock domains/areas for which livestock 
information is demanded (Pica-Ciamarra et al., 2012). The survey had 641 respondents. 
Within governments livestock data and indicators are used for three main purposes, includ-
ing policy and planning (44 percent), development projects (33 percent) and research (30 
percent). NGOs/Donors/International Organizations use data/indicators primarily to design 
and implement development projects (31 percent); private companies to formulate invest-
ments (76 percent); researchers for research purpose (67 percent) and to formulate and 
implement development projects (39 percent). Out of 15 different livestock data types, data 
on livestock feeds was ranked fourth in importance, behind animal health, meat production, 
and livestock population. Milk production was fifth. Respondents also ranked various data 
types according to needs for improvements in data quantity and quality. Livestock feed data 
was ranked third in needs for improved data.

Based on an assessment of the current global livestock feed situation, as presented in this 
Manual, it is clear that global feed resources, especially those which will support the rap-
idly growing, intensive production systems of the developing world, must be assessed and 
monitored to provide information that is useful for the development and implementation of 
appropriate policies that will contribute to the sustainable growth of the global livestock sec-
tor. Assessments will provide information on feed resource availabilities that will enable opti-
mal policy decisions regarding the use of these resources. The assessments should enhance 
the development of optimal feeding strategies and thus food security, the ability to cope 
with emergency feed shortage situations, the ability to provide input data into country level 
food input-output analyses, and the capability to assess environmental impacts of livestock.

A wide range of livestock feed situations exists across different countries, environments 
and livestock production systems (Thornton et al., 2002, 2003, 2006). An overarching 
gradient exists from spatially extensive pastoralist systems to increasingly intensive systems 
consisting of mixtures of crops and livestock, and to extremely intensive and landless produc-
tion systems in which livestock are fed entirely with transported feed. The spatially extensive 
systems are typically found in arid and semi-arid environments, or in environments that are 
thermally limited with short growing seasons. 

Spatially extensive systems require livestock movements over large areas of relatively 
low productivity in environments where crop-based agriculture is not feasible. It has been 
difficult to assess forage availability in such environments due to the difficulty of forage 
production monitoring over large, heterogeneous and often remote areas. Moreover, forage 
production is an insufficient measure of forage availability in such environments because 
availability is constrained by drinking water, topography and other factors that affect live-
stock movements. Temporal variability of feed availability in such environments is highly 
important, as feed availability varies with seasons and with variations in precipitation, snow 
cover, and water availability. Food security in these environments is often jeopardized by 
droughts or severe winter weather conditions. These systems are being altered by increas-
ing competition for land, sedentarization and restrictions on mobility. In such environments, 
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there is a need for livestock feed assessments that can quantify forage biomass over large 
areas while accounting for temporal variability and constraints on feed availability.

Crop-based livestock systems have the most people, the most livestock, and are the most 
productive. Crop-based systems are facing increasing demands for food, especially animal 
source foods and increasing human and livestock populations. As such, they are dynamic. 
Also, crop-based livestock systems can be in direct competition for land where crops are 
being grown for human food production. Increasingly, livestock systems are making use of 
crop residues and other agricultural by-products which are often difficult to quantify. These 
are diverse and complex systems with a wide range of feed sources and types. The intensity 
of land and resource use in such systems presents challenges for environmental sustainabil-
ity. In these systems, there is a need for continuing assessments of feed resources in support 
of more efficient and environmentally-friendly land-use and improved livelihoods. 

Spatially extensive and crop-based systems are both dynamic, and it will be important 
for feed assessments to capture trends. Feed assessments will only be useful if they address 
the dynamism of the systems themselves (i.e. modes of operation), as well as the dynamism 
of feed production and utilization. Capturing trends will, therefore, be very important, both 
looking back and, most importantly, anticipating change and its implications. Consequently, 
an important output of a feed assessment system will be a trend analysis, synthesizing results 
of the current assessment compared with past assessments. Observed trends must be ana-
lysed and explained. Other changes that are caused by unpredicted driving forces should 
also be identified and assessed.

Who will develop National Feed Assessment Systems?
The development of a National Feed Assessment System (NFAS) must include people with 
expertise in a wide variety of relevant subject matter regarding livestock production systems 
in a broad range of environments and settings, as well as people with expertise in the pro-
cedural and organizational aspects of implementing national-scale database systems. Tech-
nical expertise will be needed in various aspects of livestock and feed production systems, 
agriculture, grassland and rangeland ecology, agricultural statistics, and spatial databases. 
Stakeholders who are affected by various aspects of livestock feed production activities 
and feed availabilities must also be involved, including livestock producers, pastoralists, 
feed producers, NGOs, as well as government ministries, researchers and academicians. 
Stakeholders and partners will be central in the implementation of a NFAS because they will 
undoubtedly play a variety of important roles in its ongoing operation and utilization. They 
may, for example, be data providers or facilitators of data sources. They will also play a role 
in its institutionalization. 

Task forces or working groups can be formed from the pool of people with this wide 
range of expertise and interests. This will include: a) people with skills and knowledge in 
agricultural resource statistics and agricultural systems analysis; b) people with extensive 
knowledge of rangeland and crop-based livestock production systems, and animal nutrition; 
c) people with technical capabilities in geographic information system (GIS) analysis, remote 
sensing, ecological and agricultural modelling, database design, statistics, sampling and 
surveys; d) people with multi-disciplinary expertise, that is, with broad, large-picture, inte-
grative, systems-level perspectives; e) people from farmers’ or livestock keepers’ associations 



xiv

and pastoral NGOs; f) people from government ministries overseeing agriculture, land use 
and the environment; g) people from the private sector who are involved in feed production; 
h) people from NGOs and research institutions who have relevant experience; and i) propo-
nents, including individuals, who are in a position to push the implementation forward with 
respect to government institutions and other potential end user groups.

An institutional framework must be created. The institutional framework of the NFAS 
may comprise a single NFAS organization or a coalition of organizations with diverse roles 
and responsibilities. The institutional framework will be the backbone of the NFAS. It will 
ensure that there are mechanisms to maintain the necessary infrastructure for its continued 
application. Institutionalization will require: a) the identification of the national implement-
ing partner; b) the establishment of an institutionalized coordinating team at a national or 
possibly regional level: c) the establishment of a state and/or central government budget line 
to support the system, along with capabilities for the necessary mobilization of resources, 
capital and recurrent expenditures; and d) the establishment of a regional training pro-
gramme for staff who will implement the system, as well as end users who will use the 
outputs of the NFAS. 

Members of governments and research organizations who wish to establish national 
feed assessment systems will likely seek guidance on the technical issues and procedural 
aspects involved. This document aims to provide such guidance. 



xv

Aim and structure of this manual 
– a road map

The aim of this document is to provide guidance to countries in developing NFAs, based on 
lessons learned from current approaches across a wide range of feed situations. Although 
feed inventories are the primary components of NFAs, the concept of an assessment is 
broader because it considers the causes and consequences of variability in feed supplies, 
balances between feed supplies and requirements, and other implications of feed quantity 
and quality.

The document has three major sections. Sections I and II may suffice for most readers; 
those interested in more detail can refer to Section III.

Section I provides a broad perspective of the current state of knowledge on the live-
stock feed situation. Chapter 1 sets the stage by providing an overview of global trends in 
livestock-based foods and Chapter 2 continues with an overview of subsequent growth in 
livestock feed requirements. Chapter 3 summarizes assessments of the livestock feed situa-
tions for a number of country, regional and global case studies, most of which are described 
in detail in subsequent chapters of this document (Chapters 8–13). 

Section II contains a synthetic overview of methodologies and guidelines for implement-
ing NFAs. It is suggested that the reader refers to this Section before going to Section III. 
Chapter 4 covers approaches for calculating growth in livestock feed requirements, methods 
for assessing feed supplies in crop-based and spatially extensive grazing systems, tools spe-
cifically utilized in rangeland systems, methods for assessing feed balances, data base meth-
ods and data sources. A section on environmental considerations is also included, given that 
any assessments of feed availabilities are contingent on potential interactions with alterna-
tive land uses and impacts on ecosystem services. Chapter 5 provides stepwise guidelines for 
the procedural and organizational aspects of planning, establishing and updating a National 
Feed Assessment System (NFAS). These recommended procedures for implementing a NFAS 
are based on inputs from a group of experts who met in Rome in November 2010.

Section III contains the detailed descriptions of the case studies summarized in Chapter 
3 and the methodologies described in Chapter 5. The case studies are specific examples that 
could assist countries desiring to establish a NFAS. Methodologies are described, along with 
example implementation, data inputs and NFAS outputs. Chapter 7 describes an approach 
for calculating the growth in demands for livestock-based food and livestock feeds at 
national through global levels. Chapters 8–13 are in-depth case studies of recent approaches 
to assessing livestock feed situations in a wide variety of countries or regions with markedly 
differing socio-economic and biophysical environments. The Switzerland case study is an 
example of a NFAS in a highly developed country with well-developed agricultural statis-
tics and data bases, and a preponderance of well-defined crop-based feeds but also with 
important pasture resources. The India case study demonstrates the challenge of assessing 



xvi

livestock feeds in a highly diverse environment with less developed national agricultural 
statistics and databases. India contains a very wide variety of mixed crop-livestock systems 
and highly intensive utilization of all forms of potential livestock feeds, many of which are 
difficult to quantify because they are normally not included in national agricultural statistics. 
These two NFASs are especially capable of assessing livestock feeds from crops or mixed 
crop-livestock production systems. 

These are followed by four examples from “spatially extensive” systems in Africa and 
Asia where national agricultural statistics would be of little use due to the primary depend-
ence on non-crop-based resources in grasslands, savannahs and other types of rangelands. 
In these systems the only source of data over such vast areas is from satellite-based sensors 
orbiting high above the Earth’s surface, Chapter 14 presents a relatively detailed methodol-
ogy for calculating livestock feed balances, the central part of which is the calculation of 
livestock feed requirements based on livestock energy requirements, digestive efficiencies 
and the energetic characteristics of feed sources. Chapter 15 describes a comprehensive 
ecosystem modelling approach that can be applied to spatially heterogeneous and exten-
sive livestock systems. The ecosystem modelling approach is the most demanding, but it 
also integrates the full range of factors involved in the livestock feed assessment, including 
calculations of spatially and temporally varying feed availabilities along with calculations of 
livestock feed requirements and actual intake rates on various parts of the landscape. The 
modelling approach is also prognostic, in the sense that predictions can be made on the 
basis of changes in climatic and other environmental conditions. Chapter 16 is a detailed 
description of methodologies for forage evaluation in grasslands and rangelands, from field-
based approaches for measuring forage quantity and quality, to systems which utilize satel-
lite and weather data over regional spatial scales, and to ecosystem modelling approaches.
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SECTION I

State of knowledge
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1. Trends in demand for feed

In the developing countries, consumption of meat has been growing at over 5 percent 
annually in the last few decades and is expected to grow by 1.4 percent per year world-
wide to 2030 (FAO, 2006a). In energetic terms, consumption of meat increased more than 
threefold that observed in developed countries from 1971 to 1995 (Delgado et al., 1999). 
A major reason for the increase is that consumption has been rapidly growing in a num-
ber of large countries including Brazil, China and India (FAO, 2006a). Poultry production 
and consumption has been growing at more than 5 percent annually and is an increasing 
fraction of mean world production, from 15 to 30 percent over the last three decades. By 
2050, 2.3 times as much poultry meat and between 1.4 and 1.8 times as much that of 
other livestock products will be consumed as in 2010 (FAO, 2006a; FAO, 2011). In India, 
the demand for poultry is expected to increase 844 percent by 2030, which translates to 
8 865 400 tonnes of poultry products. This will require over 27 million tonnes of feed 
and an additional 24 million hectares of crop land unless the proportion of by-products 
and non-conventional resources in feed increases substantially and/or the contribution of 
backyard scavenging birds to poultry production increases (Chapter 7). Consumption of 
livestock products is closely related to per capita income. As incomes in many developing 
countries have grown rapidly over the last 20 years, consumption levels of meat and other 
animal products have also increased (Steinfeld et al., 2006). Increases in income will encour-
age higher consumption per person, particularly in the developing world (FAO, 2011). As 
a result, total consumption in developing countries will eventually exceed consumption in 
the developed countries.

In Asia, human demands for animal source foods are beginning to outstrip production, 
with projections of two to threefold higher demand in 2050 in most countries (Devendra 
and Leng, 2011). These authors also point out that limited supplies of inexpensive grain 
feeds will drive more intensive use of forage, crop residues, agro-industrial by-products and 
non-conventional feed resources, and there will be an increased focus on making maximum 
use of crop residues and low quality roughages. They suggest that the two billion tonnes of 
straw the world produces could be converted into animal products with a feed conversion 
efficiency of about 10:1 to produce 200 million tonnes of live animals annually which could 
support four billion people.

In much of the developing world, mixed crop-livestock systems are prevalent. These are 
systems in which livestock are intimately tied to crop production through their use of crop 
residues, livestock recycling of nutrients and use of livestock for draft power (Herrero et al., 
2010). According to their analysis, mixed systems produce almost 50 percent of the world’s 
cereals and most of the staples consumed by poor people, 41 percent of maize, 86 percent 
of rice, 66 percent of sorghum and 74 percent of millet. They also produce 75 percent of 
the milk and 60 percent of the meat, and employ many millions of people. Some crops 
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such as maize, wheat, sorghum and millet are dual purpose – their grain provides food for 
humans and their residues are used as feed for livestock.

Livestock systems are intensifying. There is an increasing intensity of feed grain use, 
along with increased use of protein rich feeds and additives that enhance feed conversion. 
Meanwhile, traditional feed utilization is in decline (Steinfeld et al., 2006). Historically, 
the use of grain to feed animals has primarily been a practice of developed countries. 
For example, 40 percent of cereals are used for livestock feed in the United States, while 
only 14 percent are used for feed in Africa. Additionally, while animal source food (ASF) 
consumption is very high, perhaps excessive, in the developed world, there is considerable 
room for increased incorporation of ASFs into diets in the developing world to improve 
nutrition (Speedy, 2003). There has also been a shift of world livestock production out of 
regions that use grain-intensive feeding systems into developing countries where grain is 
less important as a feed. However, it is quite likely that the opposite trend will occur – that 
continued growth of livestock production in developing countries will be associated with 
shifts to more intensified systems making greater use of cereals (FAO, 2006a). It has also 
been suggested that in developing countries, increased demand for food crops will com-
pete with increasing demands for livestock feed, so substantially more feed grains will have 
to be imported (Delgado et al., 1999). Due to increasing human populations in south Asia, 
intensive mixed systems will have to attain all their production from alternative feed sources 
apart from stovers, because stover feeding only meets animal maintenance requirements 
(Herrero et al., 2009). 

China has experienced a very large growth in demands for dairy products due to rises in 
income, changes in urban lifestyles and overall development of the dairy sector (Simpson, 
2006). Milk consumption per capita tripled from 1985 to 2000, then doubled from 2000 
to 2004. If China develops further, there will be an increasing shift to modern dairy farms, 
which will benefit from advances in genetic, breeding and dairy management worldwide. A 
pressing issue is the extent to which the dairy industry will be able to meet future demands. 
This leads to the question of whether China can provide sufficient feedstuffs for the 
growing dairy industry. A complex model-based assessment of these questions (Simpson, 
2006) concluded that protein-based feedstuffs will increasingly have to be imported, while 
energy-based feedstuffs exist in abundance. Importantly, the assessment considered the 
fact that each country feeds its animals according to resource availabilities, tastes and pref-
erences, and comparative advantages in production of feedstuffs (Simpson, 2010a). China 
will not, as many assume, move towards the large-scale feedlot systems typical in America, 
for example. A large fraction of national energy-based livestock feeds will be derived from 
crop residues (38 percent) and crop by-products including silage (21 percent). An even 
larger fraction of protein feedstuffs will be derived from crop residues (28 percent) and 
by-products (48 percent). By-products, non-conventional feeds and forages will continue 
to constitute a substantial portion of feedstuffs for dairy cows in much of China over the 
next decade, especially in the less populated areas. Consequently, considerable attention 
must be paid to assessing the stocks and flows of these feed sources. 

Given the ongoing and expected future increases in animal source food consumption, 
there is increased controversy as to whether cereals and other foods that humans can eat 
could be fed to livestock (Speedy, 2003). While some argue that increased demand for ani-
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mal source foods will increase demand for grains used for humans, livestock can consume 
crop products that otherwise would become waste or they can be raised on land that has 
no crop-based agricultural potential (Delgado et al., 1999). Land availability and water will 
be key constraints to the production of alternative feeds for ruminants in the most intensive 
systems (Herrero et al., 2009). 
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2. Assessing feed supplies in 
relation to increasing demands

The needs for developing national feed inventory or assessment systems vary among coun-
tries. In Switzerland, for example, feed inventories were developed out of strategic neces-
sity during the World Wars to ensure continued food security (Chapter 8). Today, the need 
for continued food security still necessitates the acquisition of information that is necessary 
for coping with unplanned situations that could lead to food shortages, including droughts 
and disruptions in transport and shipping. Other uses have since arisen, including uses in 
calculations of national economic, biomass, nutrient and greenhouse gas fluxes. 

Few countries in Asia have endeavoured to carry out quantitative or even qualitative 
assessments of feed availability, probably due to inadequate methodology and under-
standing of assessment approaches (Devendra and Leng, 2011). Assessments have been 
attempted for Peninsular Malaysia (Devendra, 1982), the Philippines (unpublished citation 
in Devendra and Leng, 2011), and oil palm areas in Southeast Asia (Devendra, 2009). Feed 
balances have been developed to assess availability and requirements in India and Pakistan 
(Mudgal and Pradhan, 1988; Raghavan, Krishna and Reddy, 1995; Ramachandra et al., 
2007) as well as Nepal (Shrestha and Pradhan, 1995).

Livestock feed shortages have clearly constrained productivity in India, as shown in 
numerous site-specific studies (Chapter 9; Ramachandra et al., 2005; Raju et al., 2002; 
Anandan et al., 2005). However, the impacts of feed shortages at a national level have 
been poorly characterized due to the lack of national-scale feed assessments. A notable 
characteristic of Indian livestock is that almost its entire feed requirement is met from crop 
residues and by-products: grasses, weeds and tree leaves gathered from cultivated and 
uncultivated lands; and grazing on common lands and harvested fields (Dikshit and Birthal, 
2010). Use of crop residues increased by 65 percent between 1980–81 and 2002–03 
(Ramachandra et al., 2005).

Livestock feed inventories in India, would be useful for policy-makers, government 
agencies, NGOs and development agencies. The information such inventories provides can 
be used in formulating and implementing meaningful livestock development activities and 
tackling natural calamities such as drought and floods (Chapter 9). Such information would 
also be useful for making informed decisions relevant to the nature and quantities of com-
modities, the feed resources that could be traded locally, potential areas for feed markets, 
and feed resources involved in imports and exports. Estimates of feed demand could help 
resolve the controversy regarding estimates of the fraction of food grain that is used for 
feed, which vary widely (Dikshit and Birthal, 2010). Estimates could also be used to deter-
mine the input-output relations for the livestock sector and to estimate greenhouse gas 
emissions associated with livestock production. Ramachandra et al. (2005) recommended 
a national feed balance approach that recognizes regional differences in livestock systems, 
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along with a national networking system on crop and animal statistics, and the establish-
ment of a Directorate of Animal Feed Resources Bureau to create the necessary databases 
and to plan and implement feed resource utilization at the national level. 

Sources of livestock feeds have been identified and inventoried in Pakistan. Crop res-
idues, cultivated fodder, grazing and concentrates contribute 57 percent, 18 percent, 19 
percent and 6 percent respectively, to national livestock feed supplies (Habib, 2010). Mixed 
crop-livestock farming systems are widespread. After grain harvesting, crop by-products 
such as straws and stovers are stored and saved for year-round livestock feeding. Fodder 
is cultivated on a limited land area of 2.45 million hectares or 11.1 percent of the total 
cultivated area. Over the last two decades, fodder land has progressively decreased while 
fodder production has increased by up to 13 percent, apparently due to improved farmer 
practices (Habib, 2010). Grazing lands cover more than 20 million hectares in Pakistan, 
yet only contribute 19 percent of the biomass and 30 percent of the crude protein (Habib, 
2010) to the total feed supply. The production potential of grazing lands has clearly 
declined, but the extent of the decline has been poorly quantified. Uncontrolled grazing 
and recurrent drought have considerably reduced their carrying capacity. Large influxes of 
sheep flocks from Afghanistan have placed further pressure on grazing lands. Community 
herd grazing at the village level, once a common practice in rural areas, has almost discon-
tinued and farmers now graze individually. This has made it more difficult to implement 
rotational grazing/restricted grazing practices for protecting vulnerable rangelands. The 
century-old “nagha system” of restricted grazing, designed to protect common grazing 
lands from uncontrolled free grazing, no longer exists, or is practised to a very limited 
extent (Ghulam Habib, pers. comm.).

In the Africa Sahel, pastoralists graze their livestock in spatially extensive grazing sys-
tems characterized by large-scale seasonal movements among pastures as well as intra-sea-
sonal grazing orbits in proximity to water sources (Chapter 10). Livestock forage production 
is limited by rainfall, which is highly variable. Pastoral livestock movements are responsive 
to variable distributions of forage in space and time. Periodic droughts are intrinsic to the 
system, leading to shortages of forage for livestock and food insecurity for pastoralists. The 
spatially extensive and time-varying nature of the forage resource, coupled with constraints 
on livestock movements created by water distributions, topography and infrastructure, 
necessitates an approach that is very different from the approach to assessments of live-
stock feed. The use of remote-sensing data, particularly of green vegetation biomass, has 
proved to be the only feasible approach. Thus, famine early warning systems utilize remote-
ly-sensed greenness indices. The system described in Chapter 10 provides useful informa-
tion for food aid organizations, pastoralists, governments and development agencies. 

Similar situations exist in southern Africa, where a significant proportion of the human 
population is dependent on livestock for livelihoods and food, and where most of the 
livestock obtain their forage from rangelands (Chapter 11). The high spatial and temporal 
variability of forage production necessitates monitoring over broad spatial scales on a reg-
ular basis throughout the growing season. 

An understanding of forage biomass availability across the landscape can assist Mongo-
lian pastoralists make decisions about whether to move, buy or sell animals, and assess the 
level of risk for decision making (Chapter 12). However, extensive information about forage 
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distributions over large remote areas is difficult, if not impossible to acquire. As much as 35 
percent of Mongolia’s livestock were lost during droughts and severe winters from 1999 
to 2001. In response, the U.S. Agency for International Development (USAID) supported 
the development of a Livestock Early Warning System (LEWS) for the Gobi Region that 
provides near real-time spatial and temporal assessments of current and forecasted forage 
conditions. This information is provided to herders and to local and national government 
agencies to assist in drought management, disaster preparedness and agricultural poli-
cy-making.

The Tibetan Plateau is another example of spatially extensive pastoralism in remote 
and heterogeneous landscapes (Chapter 13). The human and livestock populations of 
the Tibetan Autonomous Region have both more than doubled over the last 40 years, 
resulting in increased demands on natural resources. Increased pressure, including livestock 
overgrazing and droughts, have resulted in grassland degradation and desertification, 
decreasing the available resource base and exacerbating the pressure. Thus, a livestock feed 
inventory would be useful in determining the availability of forage resources in relationship 
to demands. Such information would be relevant to food security policy and planning, as 
well as to the setting of sustainable stocking rates and environmental protection. Due to 
the expanse and remoteness of most of the pastoral grazing areas, and the challenges of 
working at a high altitude, low oxygen environment, ground-based field data on grassland 
productivity are very limited. A feed inventory for such a spatially extensive pastoral region 
must therefore employ remote-sensing data to the greatest extent possible. 

A workshop held in 1985 in Nairobi brought together a number of scientists to assess 
feed resources for small-scale livestock holders in Africa (Katigele et al., 1987). Although 
dated, it is instructive to observe the various approaches used to assess livestock feeds in 
developing countries at the time. In general, the assessments involved examinations of 
various types of feed resources such as natural grasslands (rangelands), improved pastures, 
cereals and root crops, and agricultural by-products. Typical total crop productivities and 
estimates of total cropped areas were reported based on a variety of government and Food 
and Agriculture Organization (FAO) statistics. However, little was done in the way of deter-
mining what was actually available to livestock. Similarly, typical values of plant production 
in rangelands were often presented, but quantitative inventories were not attempted, no 
doubt due to a lack of data across large and heterogeneous areas. Today, we have access 
to vastly improved databases, GIS, remote sensing and modelling capabilities. Yet, the 
potential of these information sources and technologies to develop national-scale feed 
assessments has barely been tapped.



11

3. A summary of case studies 
on national, regional and global 
feed assessments

3.1 Switzerland
The Swiss feed balance
Switzerland has been carrying out regular feed inventories since 1933 with revisions to 
the methodology in 1980 and 2009 (Chapter 8). The Swiss approach is highly evolved, 
benefitting from experience, technical capabilities, and rich and well-organized sources of 
fundamental input data. A wide range of feed sources is considered, including both inten-
sive crop-based and extensive grassland-based systems. Livestock considered include cattle, 
sheep, goats, pigs, poultry and horses.

Annual feed availability is calculated for a year from an inventory of domestic feed pro-
duction, including crops and agricultural by-products. Availability is corrected for national 
feed imports and exports. Availability is expressed in terms of digestible or metabolizable 
energy and protein, using best available forage quality data. 

As a check, animal demands for feed are calculated on the basis of livestock census data 
and animal energy and protein requirements. Differential requirements of breeding, fatten-
ing and milking animals are distinguished. Requirements are based on data from agricultur-
al research stations and a well-established handbook (Agridea, 2011) for livestock growers. 

Switzerland is fortunate in having excellent sources of data inputs for the inventory. The 
federal government regularly estimates crop production statistics at a national level. Food 
processing by-products are estimated from industry sources (milling, brewing) or by the 
government agricultural offices. Government production statistics are available for fodder 
maize and grassland forage production. Maize and grassland forage productivity from gov-
ernment statistics is corrected for altitude and meteorological conditions. Areal extents of 
seasonal grazing areas in the mountains are based upon infrequent (10–12 years) land-use 
mapping and GIS analyses. 

Maize and grassland forage utilization is estimated to enable comparisons with forage 
availability. The two are presumed to be in balance over a multi-year period, with some 
having excesses and some having deficits. A forage deficit is covered by imports, or by 
drawing down standing stocks that have accumulated in years of excess. Utilization is 
based on typical dry matter intake rates of each livestock class and the duration of grazing. 

3.2 India
The Indian feed inventory
Several assessments have been carried out at regional level. Assessments have been based 
on land use data, crop production data and livestock census data (Anandan et al., 2005; 
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Raju et al., 2002). These data were obtained from the government Directorate of Econom-
ics and Statistics, and the Animal Husbandry Department. These researchers built on their 
experience to develop a database system with a user-friendly interface for accessing feed 
availability and requirements for the entire country (Angadi et al., 2005). 

An approach taken to assess national livestock feed supplies in India is described in 
Chapter 9. In this approach, crop-based feed availability is estimated from crop production 
data and green fodder availability is estimated from land classification data. Crop produc-
tion and land utilization data (which include fodder land use types) are published annually. 
Harvest indices (the ratio of tonnes of utilizable crop by-product to tonnes of primary crop 
harvested) and extraction ratios (the fraction of primary crop harvested utilized for livestock 
feed) are applied to the crop production data to estimate feed availabilities. Harvest indices 
are used for crop residues and oil cakes, while extraction ratios are used for grains and 
bran/husks. Relatively crude estimates of green fodder production in various land types 
are used, along with estimates of percentages of land areas utilized for fodder production. 
These are approximations of mean values based on best available data. The production esti-
mates are then applied to total land use areas, derived from land use maps and inventories.

Livestock feed requirements are estimated from livestock census data, which are pub-
lished every five years. Livestock census data, broken down by species and age class, are 
converted to standard adult cattle units based on differences in body size. A basic estimate of 
dry matter requirements of 2 percent of body weight per day is then applied. Total dry matter 
requirements are compared with total feed availabilities to determine national feed balance. 

Dikshit and Birthal (2010) calculated feed demand in India by scaling up from household 
level data. They argued that household level surveys are the only way to obtain reliable 
data on actual feed consumption. Scaling up was enabled by a sampling design that was 
intended to be as representative as possible across the wide range of heterogeneity of 
soils, topography, rainfall, irrigation, temperature, crops and livestock. The country was 
divided into 20 agro-ecological zones with further classification into 60 subzones based 
on variables such as soils, topography, rainfall, irrigation, temperature and crops. Further-
more, livestock were categorized by species, breed, age class and production status. Feed 
demands for each class of animal could then be combined with the distribution among 
classes to arrive at a more accurate estimate of aggregate demands. The scaling up was a 
multi-stage procedure, from households to villages, then from villages to districts, districts 
to regions, and regions to the nation. This accounted for the heterogeneity of villages in 
a district, and so on. These authors also compared feed demands with availability. They 
pointed out that the Ministry of Agriculture uses a general assumption that 5 percent of 
food grains are used for feed. They cited other literature with crop specific extraction rates 
(i.e. the fraction of total crop production utilized for feed), for example 9.5 percent of rice 
production and 41 percent of coarse cereal production. They projected future demands for 
feed in 2020 by first using “base year” feed consumption rates derived from their data, 
coupled with projected growth of livestock populations by types. They then revised the 
estimates to account for projected changes in demands for milk and meat. Based upon 
previous work, they predicted that future demands in milk would be met by increase in 
production per animal as well as numbers, while increased meat demands would be met 
primarily by increased animal numbers. However, irrespective of whether it is production 
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per animal or numbers of animals, the energy requirements should remain the same unless 
feed conversion efficiency is somehow increased. 

Mixed crop-livestock systems are very prevalent in much of the country, and there is 
great variety in the make-up and functioning of these households (Erenstein and Thorpe, 
2010). The use of crops, crop by-products, forage, crop residues and other non-convention-
al feeds also varies markedly. It would be useful to understand this heterogeneity to more 
accurately assess livestock feed requirements. In the Indo-Gangetic Plains, uses of various 
types of livestock feed sources vary along an intensification gradient (Erenstein and Thorpe, 
2010; Thorpe et al., 2007), as determined by detailed village level surveys. Communities 
were randomly selected in a stratified cluster approach. Stratification was first applied to 
four sub-regions, then at the second level, three representative districts were selected, one 
from each of three main agro-ecological sub-zones. At the third level, six villages were 
randomly selected around a central point. This stratified approach is key to obtaining a 
representative sample, and for understanding how livelihoods and associated livestock 
feeding patterns vary in these systems. 

3.3 Pakistan
The Pakistani feed inventory
The approach used in Pakistan is very similar to that used in India. In 2003, detailed calcula-
tions were carried out of feed availability and feed balance in different regions of the North 
West Frontier Province (now called Khyber Pakhtunkhwa) (Habib et al., 2003). Recently, a 
country level feed balance was carried out, including assessments in other provinces (Habib, 
2010). Using crop conversion factors (like the harvest indices and extraction ratios used in 
India) found in the literature, and local data on crop productivities, quantities of crop resi-
dues and by-products derived from different crops were calculated approximately. Data on 
conversion factors for calculating crop by-product biomass need to be further developed 
and standardized. 

Similarly, herbage from various categories of grazing lands was estimated using locally 
reported values for production and areas of grazing lands in ten different agro-ecological 
zones. However, the reported herbage yields from grazing lands in different ecological 
zones require updating and refinement, particularly because rangelands have degraded 
over the last 2–3 decades.

3.4 China:
Present and projected livestock feed availabilities 
Simpson, Cheng, and Miyazaki (1994) carried out a comprehensive assessment of agri-
culture in China in which they calculated present and projected livestock feedstuff avail-
abilities. The calculations began with data from grain and oilseed crop production (total 
tonnes) and sown areas (hectares) from the China Agriculture Yearbook. Productivity per 
unit land area was calculated by dividing total production by sown area. Grains included 
wheat, rice, coarse (maize, sorghum etc.), while oilseeds included groundnut, rapeseed, 
sunflower and sesame. Other crop production statistics were also available including, for 
example, potatoes and sugar beets, and tree crops such as fruits. Cultivated and sown 
areas were reported by region and province. Production by the processed feed industry was 
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described, including the roles of by-products and non-conventional feed sources. The China 
government does not publish statistics on the amount of grain fed to livestock. However, 
the authors utilized data from the U.S. Department of Agriculture on grain used for animal 
feeds in China. 

China has a long history of utilizing non-conventional feed resources (NCFRs), crop resi-
dues and by-product feeds. NCFRs include a wide variety of substances including, for exam-
ple, rice straw, azolla, cassava, banana rejects and maize stover. Examples of by-products 
include bagasse, brewers’ grains, palm kernel cake, rice bran and poultry litter. As noted 
earlier, livestock in the Chinese dairy sector derived substantial fractions of their energy 
and protein-based feeds from crop residues and by-products, in systems where crops and 
livestock are tightly interlinked through transfers of biomass, energy and nutrients. 	

A feedstuffs availability model was developed and programmed as a spreadsheet. The 
model is based on the metabolizable energy and crude protein content of each crop, as 
well as grassland. The crop yield data are multiplied by sown areas to give total production, 
which is then multiplied by physical extraction rates – i.e. the proportions of each crop spe-
cies comprised of grain, straw, brewers’ grains, oilseed meal, etc. (for example, kg barley 
straw per kg grain) – to provide numbers of total quantities potentially available for both 
human and livestock utilization. Multiplication of the amount potentially available by the 
portion utilized by animals gives the total amount of feedstuffs that can be consumed by 
animals. The portions utilized were apparently estimated on the basis of expert knowledge. 
The proportions of oilseed meals utilized by animals are the products of subtracting esti-
mates of losses due to transport and storage, animal refusal, waste, and use for fertilizer. 
A total of 38 crops, as well as four non-crop feedstuff sources (such as fishmeal), were 
considered. Each crop was partitioned into a primary output and any by-products or NCFRs. 
Grassland parameters included energy and protein contents, the extraction rate and area in 
hectares for five grassland types; warm, temperate, dry, arid and alpine. The inputted data 
from the approximately 1 000 parameters were then combined to calculate total energy 
and protein availability for livestock. Projections into the future were based on estimated 
growth rates in yield per hectare and sown areas. 

Using this methodology, Simpson (2006) calculated that about 1.2 trillion Mcal of feed-
stuffs were produced in 2000. About 9 percent was derived from by-products, 13 percent 
from grasslands and 42 percent from grain crops. Non-conventional feedstuffs comprised 
36 percent of all feed energy in 2000. About 800 million tonnes of residues and silage 
were calculated to have been produced in 2000, with residues accounting for 85 percent of 
that. The methodology was also used to assess China’s beef production potential (Simpson, 
2003) as well as consequences of potential changes in land use and agricultural productiv-
ities (Simpson, 2010b).

Long (2011) recently compiled and presented a number of statistics based on data from 
the Chinese Statistical Yearbook and other sources. These data show large increases in 
livestock-based food production and consumption. Per capita consumption of poultry and 
dairy both increased approximately 2.5-fold in the last 20 years. Red meat consumption 
increased from 21 kg/person in 1990 to 48 kg/person in 2009. Meanwhile, there was a sig-
nificant decrease in food grain consumption. Small stock numbers increased 30–50 percent 
and dairy cattle numbers increased fourfold in the last 20 years. As a result of increased 
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feed demands, China moved from being a maize exporter to an importer between 2000 
and 2010. Annual soybean imports have risen from near zero to 50 million tonnes annually. 
Another consequence has been widespread rangeland degradation caused by overgrazing. 

3.5 Africa
Use of crop residues in mixed crop-livestock systems
Crop residues (CRs) are roughages that become available livestock feeds after crops have 
been harvested. They are distinct from agricultural by-products (such as brans, oil cakes, 
etc.), which are generated when crops are processed (de Leeuw, 1997). A general consensus 
exists that there is enormous potential for better utilization of crop residues as livestock feed 
(Maehl, 1997). Crop residues are important in many national agricultural sectors, yet they are 
much underutilized at present. Ruminant livestock utilization of crop residues also contrib-
utes to the recycling of nutrients, and to soil fertility and structure, particularly in integrated 
farming systems. Cereal straws and stovers are by far the most important residues. National 
estimated residue yields were derived based on FAO production statistics for the production 
of food commodities (e.g. FAO, 1984, 1994), multiplied by factors as proposed by Kossila 
(1988). These multipliers can be replaced with more accurate estimates where possible.

Two kinds of ratios can be used to link grain and CR yield (de Leeuw, 1997). The first 
is a simple one in which grain yield is divided by an agreed factor expressing the harvest 
index, or proportion of grain to total above-ground biomass (Kossila, 1988). A second ratio 
is needed in relation to “edibility”. To estimate the consumable fraction of a CR, data are 
required on parameters such as the likely removal rates by grazing animals or the refusal 
rates of stall-fed livestock.

Potential supplies of CRs in Africa (de Leeuw, 1997) can be approximated from country 
statistics on the proportion of land cultivated (e.g. World Bank, 1989; WRI, 1990), com-
bined with yield estimates for the grains and tubers of the major crops (World Bank, 1989). 
These estimates are approximations and could be more accurate if better data for ratios of 
grain to CR were available. In Africa, restrictions on livestock access for CRs have become 
more common in recent years due to land privatization and intensification, so it can no 
longer be assumed that all of the potential CRs can be included in availability estimates. 

3.6 Sahelo-Saharan Region
Pastoral surveillance system and feed inventory in the Sahel
A Pastoral Early Warning System was developed by ACF (Action Contre la Faim) to moni-
tor feed availability for pastoral livestock in the Sahelo-Saharan Region of Africa (Chapter 
10). The system uses near real-time satellite imagery (vegetation greenness), ground data 
and livestock movement maps. Software has been developed to ingest and process these 
data to produce maps of feed availability in relationship to feed demands. A Normalized 
Difference Vegetation Index (NDVI) from SPOT 5 satellites is composited by VITO (Flemish 
Technologic Research Institute) over ten days at a 1 km x 1 km spatial resolution. VITO also 
produces a satellite-based Dry Matter Productivity (DMP) data product that is used. 

A GIS overlay approach integrates the satellite-based vegetation data with additional 
spatial data characterizing accessibility of the forage to pastoralists and their livestock. A 
key constraint on availability is water, which may or may not be available within proximity 
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to forage resources. Distance-to-water maps are used to determine which forage resources 
are sufficiently close to water to be utilized. Water availability maps are derived by combin-
ing remotely-sensed surface water maps with borehole maps. Water availability changes 
seasonally due to fluctuations in surface water. Availability is also constrained by unsuitable 
topography, particularly steep slopes. 

Livestock distribution maps are then used to determine the distribution of feed 
demands. A simple feed balance is computed as the difference between feed availability 
and demand. In this way, areas of feed deficits can be readily identified, as well as areas 
of feed surplus. 

The system is continually updated. At the end of each rainy season, a full feed inven-
tory assessment is produced and made available to end users. ACF International intends 
to further develop the system and distribute it to countries in West and then East Africa. 

3.7 Southern Africa
Development and application of Earth observation-based rangeland 
monitoring techniques in Namibia
The sparse network of rain gauges in parts of Southern Africa precludes a rainfall-based 
monitoring approach for forage biomass. Monitoring must, instead, be entirely based 
upon satellite data. A near real-time, satellite-based vegetation monitoring system called 
LARST (Local Application of Remote Sensing Technology) has been developed over the last 
decade (Chapter 11). The system is based on low cost satellite receivers that can download 
data from NOAA AVHRR (National Oceanic and Atmospheric Administration, Advanced 
Very High Resolution Radiometer) satellites. An antenna and receiver are set up locally and 
connected to a personal computer with the appropriate hardware and software. A meth-
odology using a Vegetation Productivity Indicator (VPI) derived from such satellite data has 
been commissioned by governmental ministries in Namibia. The VPI is reported on a 10-day 
basis during the rainy season in map format and at the ministerial and agricultural district 
levels. The outputs are disseminated through workshop and training seminars and regular 
agro-meteorology bulletins produced by the Ministry of Agriculture. 

A methodology has also been developed for combining satellite imagery (NDVI) with 
field observations of biomass for deriving near real-time maps of biomass estimates. Herba-
ceous biomass data are rapidly collected using a simple instrument called the disk pasture 
meter (DPM). Woody green leaf biomass is estimated using regression relationships with 
plant size, and by sampling plant size class distributions. Biomass is sampled along 1 km 
transects bisecting 1 km2 sample sites. DPM readings are taken on both sides of the tran-
sect. The field biomass data are then regressed against the NDVI. The regression equations 
are then applied to NDVI maps to derive biomass maps.

3.8 Mongolia
Gobi Forage Livestock Early Warning System
A technologically advanced remote-sensing, GIS and simulation modelling system called 
the Livestock Early Warning System (LEWS) was applied to the Gobi pastoral region in 
Mongolia (Chapter 12). The LEWS combines field data collection from a series of moni-
toring sites, simulation model outputs, statistical forecasting and GIS to produce regional 
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maps of current and forecast forage conditions. The system uses the PHYGROW1 simula-
tion model as the primary tool for estimating forage conditions. Field data, collected from 
monitoring sites established across the region, are used to parameterize and calibrate the 
model. Model runs for the monitoring sites are driven by near real-time climate data. The 
simulation model runs for each monitoring site are executed every 15 days and the outputs 
are made available via web portal (http://glews.tamu.edu/mongolia). To produce maps of 
forage conditions, the total forage available to livestock is output for each monitoring 
site and is co-located with remote-sensing imagery data (NDVI) data for the region and 
geostatistical interpolation is conducted to create regional maps of available forage. The 
LEWS system also incorporates a statistical forecasting system which provides a projection 
of available forage conditions for 60 days into the future (Chapter 12).

Climate data obtained from the Climate Prediction Center of the National Oceanic and 
Atmospheric Administration (NOAA) are used as driving variables for a forage simulation 
model. The model predicts forage biomass for monitoring sites throughout the region on a 
daily basis, along with soil water balance and livestock grazing offtake. Permanent vegeta-
tion transects have been established throughout the region to obtain information needed 
to parameterize the model. A geostatistical mapping procedure, specifically co-kriging2, is 
used to develop regional forage biomass maps, with model output being the primary var-
iable, and remotely-sensed vegetation greenness being the secondary variable. To forecast 
probable future forage conditions, an auto-regressive integrated moving average (ARIMA) 
forecasting model is used, providing a 90-day forecast of forage conditions. Training is pro-
vided to herders, NGOs and other stakeholders in the use of the LEWS. The LEWS forage 
inventory is continuously updated through the use of current climate and remote-sensing 
data, as well as ground-based monitoring data. The system is to be adopted and institution-
alized at the Mongolian Agency for Meteorology, Hydrology and Environmental Monitoring.

3.9 China
Remote sensing and in-situ observation-based livestock feed inventory 
on the Tibetan Plateau
A model/remote sensing-based approach has also been taken to assess feed resources for 
pastoralists on the Tibetan Plateau (Chapter 13). Two models are used, one to calculate 
total vegetation productivity, and the other to calculate standing forage biomass.

The vegetation productivity model uses the Enhanced Vegetation Index (EVI) derived 
from the MODIS satellite. The data are downloaded from the U.S. Geological Survey (USGS) 
data centre. The spatial resolution is 500 m x 500 m and the temporal resolution is eight 
days. The VPM also uses remotely-sensed photosynthetically active radiation (PAR) from the 
TOMS (Total Ozone Mapping Spectrometer) satellite, and temperature data from the China 
Meteorological Data Sharing Centre. The model assumes that vegetation productivity is 

1 PHYGROW is a point-based, daily time step, algorithmic or computation engine that models above-ground plant 

 growth, forage consumption and hydrological processes.  
2 Kriging provides a means of interpolating values for points not physically sampled using knowledge about the  

 underlying spatial relationships in a data set to do so. Cokriging is an interpolation technique that allows one  

 to better estimate map values by kriging if the distribution of a secondary variate sampled more intensely than 

 the primary variate is known.
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fundamentally limited by intercepted PAR. The EVI is assumed to be directly related to the 
fraction of PAR that is absorbed by the vegetation. The maximum light (PAR) use efficiency 
of the vegetation is a parameter. Light use efficiency is also affected by temperature, water 
and plant phenological status. CO2 gas flux measurements are used to parameterize and 
validate the VPM. 

The forage biomass model uses the EVI to calculate aboveground biomass (AGB). The 
relationship between EVI and AGB is determined empirically. Forage biomass is taken as 
some fraction of AGB, with the fraction being dependent upon grassland type, utilization 
(grazing) period, type of utilization and grassland degradation status.

3.10 United States
National-scale rangeland resource assessments
By law, the U.S. Secretary of Agriculture is required to prepare an assessment of the renew-
able resources of forest, range and other associated lands every ten years (Joyce, 1989). As 
part of that mandate, comprehensive assessments of the U.S. forage situation have been 
carried out (Joyce, 1989; Mitchell, 2000). The assessments were comprehensive and broad, 
covering the entire gamut of ecological, agricultural, economic and socioeconomic aspects 
of the situation. With respect to assessing forage supply, a main focus of both assessments 
was on land areas that were available to grazers and rangeland health. In the 1989 assess-
ment, it was stated that the national production of forage is difficult to quantify, and that 
forage production is a function of the available land, productivity and land management. 
The implementation of range technology has not been nationally inventoried, however. A 
forage production model was used in which previous estimates by the Soil Conservation 
Service (SCS) for range site class productivities were employed. These took into considera-
tion range condition and proper use factors to estimate appropriate stocking rates in terms 
of animal unit months (AUMs). A different approach was used for forested areas. Hay pro-
duction estimates from the U.S. Department of Agriculture (USDA) were used. On public 
grazing lands, the amount of land permitted for grazing and associated stocking rates were 
set by individual management units. 

Importantly, grazing is one of many uses that must be considered. Grazing is balanced 
with needs for wildlife, biodiversity, ecosystem services and recreation. Sustainable land 
and natural resource stewardship is paramount. Rangeland health is “connected to the 
broader concepts of sustainability and sustainable management” (Mitchell, 2000). “The 
Montreal Process is one standard for evaluating rangeland sustainability at a national scale 
through seven criteria: biodiversity, productive capacity, ecosystem health, soil and water 
conservation, contribution to the global carbon cycle, multiple socio-economic benefits, 
and a legal-institutional-economic framework.”

Given these considerations, it was possible to sum up the total AUMs permitted on 
public lands in the United States; total AUMs stocked on private lands could be calculat-
ed from national statistics. Based on these sources, it was calculated that, nationally, 86 
percent of beef cattle feed came from non-irrigated private land, 7 percent from public 
land, 5 percent from crop residues and 2 percent from irrigated pastures. However, it was 
also concluded that national forage assessments are difficult because forage production is 
simply not inventoried (Joyce, 1989). The lack of ecological knowledge regarding factors 
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determining forage production was acknowledged and it was recommended that there is 
need for a more comprehensive understanding of plant growth and its responses to envi-
ronmental factors. 

3.11 Global
Assessment using IMPACT (International Model for Policy Analysis 
of Agricultural Commodities and Trade) and SLAM (Spatial Livestock 
Allocation Model)
A recent global-scale assessment of agriculture integrated three different models to assess 
the global human food situation and consequences for the environment (McIntyre et al., 
2009). They used IMPACT (International Model for Policy Analysis of Agricultural Com-
modities and Trade) (Rosegrant et al., 2002), a partial equilibrium sector model, to provide 
insights into long-term changes in food demand and supply at regional levels taking into 
account changes in trade patterns. The IMAGE 2.4 model (Eickhout et al., 2006) was used 
to carry out environmental assessments. Terrestrial changes simulated by IMAGE were then 
used as input to the GLOBIO-33 terrestrial biodiversity model (Alkemade et al., 2006)

Specifically relevant here, they used SLAM (Spatial Livestock Allocation Model) (Thorn-
ton et al., 2002; 2003; 2006) driven by livestock supply and demand outputs from IMPACT. 
The main role of SLAM was to convert livestock outputs of IMPACT (number of animals 
slaughtered) into livestock equivalents by livestock system in order to estimate grazing 
intensities, which would then be used as input into IMAGE 2.4. Four classes of livestock 
systems were recognized: landless, livestock only/rangeland-based, mixed rain-fed and 
mixed irrigated. Livestock were allocated to the four systems based on agro-climatology, 
land cover and human population density (Kruska et al. 2003). Grassland-based systems 
were further broken down into climate zones (arid-semi-arid, humid-sub-humid, tropical 
highlands/temperate). The Global Land Cover (GLC) 2000 data layer (JRC, 2005) was used, 
along with the GRUMP (Global Rural-Urban Mapping Project) human population data set 
at 1 km resolution (GRUMP, 2005). 

IMPACT was also used by Delgado et al. (1999) to assess world grain production relative 
to increased demands by livestock. They parameterized the model with crop areas, yield 
growth trends, herd size and productivity, and initial levels and trends in feed conversion. 
Parameters were drawn from econometric analyses, expert judgments and a synthesis of 
relevant literature. Herrero et al. (2009) used IMPACT to predict crop and livestock produc-
tion, prices, water use, income and malnutrition. A second step of their assessment used 
GIS to reallocate country and food production unit level outputs from IMPACT to different 
livestock production systems within countries and regions.

A major effort to assess global ruminant production systems was also model-based 
(Bouwman et al., 2005). The IMAGE modelling framework (Alcamo et al., 1998) was used 
as a starting point. Modelled livestock production for 1970-1995 was based on FAOSTAT 
data on production, use and trade of meat, milk, eggs and other products by animal cat-
egory. Other FAO animal production data sources were also used (Bruinsma, 2003; Sere & 

3	 GLOBIO is a modelling framework to calculate the impact of a number of environmental drivers on land 

biodiversity for past, present and future.
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Steinfeld, 1996). Livestock feed requirements were derived from an existing energy balance 
model (EPA, 1994). Land cover maps used in IMAGE were used to estimate distributions of 
grassland and arable lands. 

3.12 Global
Assessment of global human appropriation of net primary production 
(HANPP)
Much can be learned from efforts to assess how much of the annual biomass production by 
plants (net primary production, or NPP) is utilized by humans because a significant compo-
nent of such assessments is the utilization of plant biomass for livestock feed. While these 
global-scale assessments may be relatively coarse to be of much use at a national level, 
global assessment methodologies are becoming increasingly fine-scaled, and are providing 
added details to spatial distributions of feed supply and use within countries. 

The first attempt to carry out such an assessment (Vitousek et al., 1986) did not attempt 
to calculate how much NPP is available for livestock feed, but it did calculate the amount 
that was probably used by livestock, as well as the fraction of total NPP used for feed. 
These authors used early estimates of global NPP that had been made by ecologists without 
the aid of modern GIS and remote-sensing databases. In their “low” estimate, which only 
included direct utilization, they relied on previous literature estimates of global livestock 
feed utilization (Wheeler et al., 1981; Pimental et al., 1980). In an “intermediate” estimate, 
they also included the amount of land converted to pasture for grazing, derived grazing 
lands (which accounted for 19 percent of total grazing land NPP), as well as anthropogenic 
fire losses. In their “high” estimate, they also included land lost to desertification. The 
rationale behind the intermediate and high estimates was that livestock require more plant 
material from the Earth’s ecosystems than that simply counted as feed. 

With the advent of GIS and remote sensing-based databases and models, it became 
possible to estimate the spatial distribution of NPP and its utilization over the Earth’s sur-
face (Imhoff et al., 2004) more precisely. This analysis showed the uneven nature of human 
offtake, and the increasing importance of the movements of NPP products via imports and 
exports. This was useful for identifying areas of high impact (hotspots of sorts), areas of 
surpluses and deficits of demand compared with NPP, and thus implied “directions of net 
energy flow” spatially. From this, they could derive a “spatially explicit balance sheet of NPP 
supply and demand”. 

Imhoff et al. based much of their human food demands on FAO data, then used nation-
al level ratio of food demand to human population in combination with a human popu-
lation map to create maps of demand. They used estimates of NPP from a global carbon 
model driven by remote-sensing data (Potter et al., 1993; Slayback et al., 2003). A review 
of other modelling assessments of global NPP can be found in Cramer et al. (1999). They 
estimated the amount of organic matter used as feed by applying efficiency values for grain 
(an average of 2.3:1 kg grain/kg carcass for all meat types) and for pasture (21.46:1 for 
ruminants) using data from previous studies. The total NPP required for grain feed was then 
calculated in the same way as for vegetal foods, adding residue and loss factors appropriate 
to each country’s development status. It is worth noting that this approach is basically the 
same as calculating a feed balance and mapping it spatially, as is being done in some of the 
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feed balance efforts reviewed in the case studies here (e.g. Chapters 10, 15). 
The most recent assessment of HANPP was based on the best available global databases 

integrated in a high resolution GIS, used in combination with estimates of potential NPP 
from a dynamic global vegetation model called LPJ (Harberl et al., 2007a, b). FAO statistical 
data (FAOSTAT) on livestock, agricultural yields and wood harvest at the country level were 
matched to a global land use map derived from a variety of GIS data sources. FAO livestock 
statistics were used to derive a feed balance for each country to calculate the biomass 
grazed that is not reported in the statistics. The NPP of the actual vegetation, including 
crops, was calculated by using LPJ to spatially allocate total NPP reported in the agricultural 
statistics. Cropland NPP was defined as the sum of harvested NPP, as reported in statistics 
and other fractions not accounted for in agricultural statistics. NPP of grazing land was cal-
culated on the basis of LPJ runs that were modified to consider the effects of ecosystem and 
soil degradation, irrigation and fertilization. NPP utilized by grazing animals is not reported 
in agricultural statistics, so livestock feed balances were estimated on the basis of data 
on livestock numbers and livestock production from agricultural statistics (e.g. Wirsenius, 
2003). Grazed biomass (offtake) was spatially allocated to grazing lands assuming it would 
be highest in the best-suited grazing areas and lowest in the least suitable ones. 

In an assessment of the impacts of livestock on the global carbon cycle, Asner and Arch-
er (2010) considered livestock feed utilization as just one of many of the impacts. They used 
satellite and modelling studies which estimated global NPP (Field et al., 1998; Imhoff et al., 
2004) and determined the amounts of carbon fixed via primary production into crops and 
grazing lands (Sabine et al., 2004), as well as the amounts of carbon actually consumed by 
livestock (0.45 Pg C/year), versus the total NPP including waste, seed production, allocation 
to roots and other ancillary flows (2 Pg C/year). 
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SECTION II

Methodologies and guidelines
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4. A synthesis of methodologies 
available for national feed 
assessments

4.1 Calculating growth in livestock feed requirements
Although the primary focus of this document is assessment systems for national feed sup-
plies, the need for such feed assessment systems is fundamentally driven by the question of 
whether feed supplies can meet future feed demands. The implications of feed availability 
for food security depend upon a corresponding assessment of feed demands.

An approach for calculating present and future demands for human food consump-
tion is described in Chapter 7. Total projected food demand is calculated by multiplying 
projected per capita consumption rates by projected human population growth. Demands 
for animal source foods are included in this projection, based on current and predicted 
future dietary composition patterns. Using projected demands for animal source foods, the 
demands for animal feeds are calculated by employing feed conversion ratios. 

The demands for livestock products are spatially distributed and mapped using maps of 
human population distributions. Consumption is mapped using the spatial distributions of 
rural and urban populations from the Global Rural Urban Mapping Project (GRUMP) and 
total human population numbers from projections made by FAO and other international 
organizations. 

The diversion of crop production to livestock feeds is also a component of the human 
food requirement. Projected crop production requirements can be calculated by projecting 
future demands for livestock feeds. Crop products available to humans are calculated by 
subtracting crops used for feed, seed, waste and industrial production.

4.2 Feed supplies from crop-based systems
The approaches that have been developed to assess livestock feeds in crop-based or mixed 
crop-livestock systems are heavily reliant on crop production statistics that are developed 
by national government agencies. This is true in the highly developed system in Switzerland 
as well as the more recently developed system in India. Crop productivity data may take 
the form of biomass of crop and associated crop residues per unit land area. These data 
are then combined with land use data that characterize the amounts of land cover with 
different crop types. 

A key aspect of this approach is the system that is utilized for categorizing land use/
land cover and crop types. At some point, land cover mapping is required, in which land 
use/cover types are delineated spatially. The classes may be by crop species and/or cropping 
systems or more aggregated classes may be utilized. For improved accuracy, cover types 
would recognize variations in soils and climate that affect productivity. Alternatively, cover 
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types could be overlaid with soil fertility and climate maps, such as precipitation and length 
of growing season, to develop a classification that accurately distinguishes crop types and 
differences in potential productivity due to environmental limitations.

The second primary data input is crop productivity. It is beyond the scope of this Manual 
to describe the various methods that are employed to estimate crop production. As noted, 
the feed inventories most often obtain crop production data from government agencies, so 
that aspect lies outside the feed assessment system. Undoubtedly, the data are ultimately 
based on an abundance of agricultural research and data obtained from commodity mar-
kets within the country. An important consideration, however, is the matching of crop 
production data to crop/land use/land cover data. A common classification system must 
be developed, or a system for converting between the classification system used for crop 
production data and the system used for crop/land use/cover data, in order to perform the 
calculations of total production for each of the crop/land-use/land-cover types. 

Although a case study that employs remote sensing to estimate crop productivity is not 
presented here, there is a potential for doing so. Remote-sensing data are used as inputs to 
models of global primary production, as described above in the “Global-scale modelling” 
section. Remotely-sensed greenness or green biomass indices, integrated over time, can 
be used as a correlate of primary production along with the use of ancillary data such as 
crop-specific light use efficiencies, solar radiation and soil water availability. 

Calculation of livestock feed availability from crop production data inevitably entails the 
use of factors which convert between total biomass production and actual feed biomass. 
In India, for example, an extraction ratio is used: the ratio of feed to total crop harvested 
(Chapter 9). In an assessment for China, extraction rates such as the proportions of crop 
comprised of grain, straw, etc. were used (Simpson et al., 1994). The amount actually 
utilizable by animals must also consider wastage, losses in transport and storage, and 
fertilizer use. The basis for estimating these conversion factors is somewhat of a concern, 
because little documentation is provided for their sources. It is apparent that in many cases 
estimates are based upon little data and are rough approximations. Further research could 
be targeted to improving the data upon which such extraction ratios are based. 

Conversion factors are also employed in calculating crop residues and by-products that 
are increasingly utilized for feed. In India, a conversion factor is used: the ratio of tonnes 
of utilizable by-product to tonnes of crop harvested (Chapter 9). The assessment for China 
(Simpson, 2006) included a partitioning of total crop production into the primary product 
as well as any by-products that could be utilized as feed. The section above on “Crop res-
idues in mixed crop-livestock systems in Africa” employs factors that have been developed 
through more detailed studies (Kosilla, 1998). As with the extraction ratios, the sources 
of these conversion factors are not very apparent, and there is considerable room for the 
development of sound data sources. Considering the increased reliance on crop residues 
and by-products particularly in the developing world and in heavily populated regions, and 
the projected increased use of these sources, these data will become increasingly important. 

Although few details have been provided here on the flows of feeds into and out of 
countries through imports and exports, these must be taken into account in national level 
feed balances. The Swiss system explicitly considers trade flows in its annual national feed 
balance assessment. It also considers changes in standing stocks, or reserves, all of which 
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are necessary for predicting future capacity to cope with feed deficits, as necessary. Pre-
sumably, import and export data are the purview of entities concerned with commodity 
trading and market activities. 

Another source of livestock feeds is by-products from food processing industries. In 
the Swiss example (Chapter 8), industrial food processing by-products that can be utilized 
for feed are estimated from industrial sources or agricultural offices. It is likely that this 
approach would be useful in many, if not most, countries where this is an important feed 
source. 

The usability of crop-based and industrially produced feedstuffs by livestock is addition-
ally affected by economics, which is in turn affected by the use of these feedstuffs for alter-
native, competing uses. For example, the use of molasses by livestock may be prohibitively 
expensive due to the high prices that humans are willing to pay to utilize molasses for food. 
Biofuels could become another significant competing demand for feedstuffs, which would 
also drive prices higher. Thus, merely accounting for “available” feeds will not work; their 
actual and potential uses will have to be considered. Price data will be key to availability for 
livestock. Assessments should relate feed prices and their nutritive values to the expected 
livestock products and their market prices (e.g. rice bran and pig live weight; sorghum and 
wheat straws; and rural and peri-urban milk prices).

4.3 Feed supplies in spatially extensive systems
For spatially extensive livestock systems, remote-sensing data are indispensable. However, 
key ground data on forage biomass are also necessary for converting remote-sensing data 
to forage biomass amounts. The extensive nature of these systems also requires the use of 
a variety of spatially explicit data, GIS processing and modelling capabilities, as outlined in 
Chapter 16 on “Technologies, Tools and Methodologies for Forage Evaluation in Range-
lands”. In this chapter, four examples are given of systems that have been developed in 
which remote-sensing data, along with ground-based forage sampling data, are used to 
assess forage situations in pastoral regions. Two of these were developed as early warning 
systems to alert governments, aid agencies and pastoralists to developing situations of food 
shortages caused by drought or severe winter weather. A system was developed for the 
Sahel that ingests remote-sensing data on green biomass and water, along with additional 
GIS data (Chapter 10). A livestock early warning system (LEWS) was developed and has 
been employed in Africa as well as Asia (Chapter 12). A powerful feature of the LEWS is 
that it employs vegetation simulation modelling, driven by statistically projected precipi-
tation data to estimate future risks of feed shortages. Remote-sensing data can also be 
used as inputs to relatively simple models of primary production, in combination with data 
on light use efficiency, solar radiation and temperature (Chapter 13). Yet another system 
employs locally installed receiving stations for downloading remote-sensing data (Chapter 
11). The data are then processed, in combination with ground data on forage biomass, to 
develop forage biomass maps.

When extensive ground-based survey data are available, it is possible to carry out 
national level forage assessments without the aid of remote-sensing data. An approach for 
assessing forage resources at the national level in the United States relied on course esti-
mates made by the U.S. Soil Conservation Service (SCS) of typical forage production values 
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for range site classes contained in soil surveys (Joyce, 1989). These surveys were carried out 
over many years through the federally-funded activities of the SCS.

4.4 Technologies, tools and methodologies for 
forage evaluation in grasslands and rangelands
Rangelands consist of grasslands, shrublands, savannahs and woodlands, and provide 
a significant fraction of the world’s livestock feed resources (75 percent), particularly in 
regions with arid or semi-arid climates, and in developing countries. However, rangelands 
are often spatially expansive, heterogeneous, undeveloped in terms of accessibility, and 
low in human population presence. Unlike crops which are harvested and sold in markets 
in measured quantities, rangeland production is often imprecisely estimated, if at all. Pro-
duction varies temporally with climatic conditions so mean values, if they are available, are 
often imprecise. Fundamentally, it is economically infeasible to invest sufficient resources in 
ground-based monitoring to provide the necessary data for national rangeland feed assess-
ments. It has therefore proved especially difficult to develop national level feed inventories 
for rangelands. 

Over the last three decades, there have been a host of technological developments in 
GIS, remote sensing and computer modelling of rangeland productivity that could be sys-
tematically applied to assessments of rangeland livestock feed situations over broad spatial 
scales. These technologies can be closely coupled with field-based sampling approaches 
that also have benefitted from recent technological advances such as GIS-based sampling 
protocols and near-infrared reflectance spectroscopy (NIRS) analysis of forage quality. An 
overview of these technologies is provided in Chapter 16. 

Two suggestions are given for increasing the capacity to scale up a limited number of 
field-based forage biomass estimates to large areas. One is the use of field estimation tech-
niques such as double sampling, which considerably reduces sampling effort and time. If 
done properly, aided by statistics, accuracy is little compromised. The second suggestion is 
to employ GIS and remote sensing-based spatial data to more effectively stratify sampling. 
Adequate sampling of each stratum permits the accurate scaling up for each stratum, and 
in aggregate, to a landscape or region. 

Forage quality is as important as forage quantity in rangelands, because it is very often 
limiting and temporally variable. Without an estimate of forage quality, it is impossible to 
know what fraction of total plant biomass actually constitutes “feed”. Indeed, while there 
may appear to be an excess of plant biomass, it may not all be consumable and, in the 
case of ruminants, material of low quality can reduce passage and forage intake rates. 
Direct estimation of forage quality over large areas and sufficient frequencies is prohibitive. 
However, NIRS has been shown capable of processing a large number of samples in a cost 
effective manner. For a national feed inventory, NIRS may be the most practical approach 
for assessing forage quality. 

As shown in case studies for the Sahel, Tibet, Mongolia and southern Africa, remote 
sensing has proved to be indispensable for monitoring and assessment of the livestock for-
age situation over large areas. Chapter 16 provides an overview of the use of remote-sens-
ing data for this purpose. In particular, remotely-sensed vegetation indices such as the NDVI 
have now been highly developed and widely applied. The data are commonly used as a 
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direct correlate of green biomass and productivity or as an input to models which calculate 
productivity from the amount of radiation intercepted by green leaf biomass. 

Though more demanding in terms of technological sophistication and expertise, 
dynamic simulation modelling of rangeland vegetation productivities, animals and 
ecosystem dynamics has advanced considerably over the last three decades. The models 
generally require a considerable amount of data but, once parameterized and tested, their 
capabilities extend well beyond purely empirical approaches. One unique feature is the 
capability to represent seasonal and inter-annual temporal dynamics in forage quality and 
quantity, and the potential effects of these variations on energy and nutrient consumption 
by livestock. Temporal variations can be more significant than mean or total annual 
quantities of forage production because periods of scarcity may ultimately prove to be what 
determines numbers of livestock that can be sustained. 

Secondly, models can be implemented spatially, based upon GIS and remote-sensing 
data inputs, to consider the consequences of heterogeneity in topography, soils, vegetation 
and water availability. Such heterogeneity is extremely significant to mobile large herbivores 
(Coughenour, 2008). Often, resources are concentrated in key areas of the landscape, 
particularly during periods of scarcity. Third, the models are usually based on a mechanistic 
understanding of the processes involved in plant growth and animal production, as well as 
the ways that these processes respond to environmental variables. Fourth, the models are 
integrative, linking together climate, soils, vegetation and animals. They not only consider 
linear causes and effects, they also often consider feedbacks, for example of animals on 
plants and soils. Fifth, since they are driven by climate data, they have prognostic capability, 
that is, they can be used to make projections based on the current status of soil moisture, 
green biomass and likely scenarios of upcoming climatic conditions. Such models can 
also be used to examine outcomes of “what if” scenarios of climate, policy, livestock and 
human population increases, land use changes, and so on. 

The effects of spatial distributions of topography, water and vegetation cover on 
livestock forage availability can be considered using GIS-based approaches. Although 
remote-sensing data can appraise vegetation biomass over large areas, not all of this 
biomass may be available due to unsuitable topography or long distances to water. Feed 
assessments must consider these limitations. Chapter 16 suggests possible approaches to 
this problem. Similar approaches were taken in the case study for the Sahel (Chapter 10). It 
is also possible to consider effects of topography and water on livestock spatial distributions 
in an ecosystem modelling approach (e.g. the SAVANNA model) (Chapter 15). 

Potential stocking rates can be calculated by combining estimates of available forage 
with forage requirements per animal, the fraction of forage that can be consumed without 
causing degradation, and amounts required by wildlife and lost to fire. Actual stocking 
rates may be higher as a result of feed importation. Animal requirements can be calculated 
in considerable detail using nutritional balancing tools or models such as NUTBAL4, which 
determine energy and protein requirements for maintenance and production. This is essen-

4	 NUTBAL is a software application whose primary purpose is to provide the livestock industry with the means 

to monitor the nutrient concentration in an animal’s diet and determine if the current diet is sufficient to meet 

performance goals set by the producer.
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tially the same approach as is utilized in calculating feed balances. The fraction of forage 
that can be sustainably consumed, also known as an allowable, or proper use factor, is 
highly significant, yet given little attention. It may vary widely, depending on plant species, 
soil fertility and the mode of grazing. The amounts that should be allocated to wildlife 
utilization, biodiversity or sustainable ecosystem service provision must also be carefully 
determined and factored into the feed availability assessment. 

A computerized data management and quality control system will be necessary for a 
successful national feed assessment programme. Field data from across the country would 
have to be fed in, organized and made readily retrievable. Considerable amounts of data 
are involved in GIS, remote sensing and modelling technologies needed to cover large, 
diverse regions. While these technologies will be invaluable for rangeland feed assessments 
as described above, they would also be invaluable for crop-based feed and mixed crop-live-
stock systems, inasmuch as the productivities of these vary spatially and are intrinsically 
linked to land use and land cover. Feed assessment models, whether they simply consist of 
a series of calculations or are more elaborate dynamic simulations, involve organized data 
inputs and outputs, as well as pre- and post-processing. 

4.5 Feed balances from national feed assessments
While assessments of feed inventories and feed productive capacities provide critical infor-
mation, the sufficiency of the feed supply can only be gauged relative to the demands 
for feeds. Essentially, this comparison between livestock requirements and feed supplies 
constitutes the feed balance. The feed balance can be calculated in terms of energy or spe-
cific nutrients or the amount of feed that would need to be imported to meet a country’s 
feed requirements. Chapter 14 examines the basic methodologies involved in determining 
a feed balance. The steps taken in calculating a feed balance are: 1) estimation of feed 
supply, accounting for seasonality of supply, and feed losses due to inefficiencies, wastage, 
pests and disease; 2) quantification of animal numbers and production traits, in terms of 
live weight gains, milk production, egg production, and so on; 3) estimation of animal 
feed requirements, in terms of energy and nutrients, based upon animal species, age class, 
reproductive status and body mass; and 4) estimation of energy supplied from available 
feeds, accounting for factors affecting feed intake such as breed, age and feed accessibility. 

In Switzerland, livestock census data obtained from government census units are 
combined with animal energy and protein requirements, which are based on research. In 
India, a similar approach is utilized, and it is recognized that livestock populations must be 
broken down by age, sex and functional classes as well as species, because requirements 
vary accordingly. Nutritional requirements may be quite simply expressed, for example, in 
terms of kg of feed per kg of body weight per day, or they may be more detailed, based on 
accurate estimates of energy and protein requirements for different breeds, body weights 
and animal functional types (Chapter 14). 

Methods for assessing feed demands on a large scale are derived by scaling from data 
collected at local level. The multi-scale sampling approach described by Dikshit and Birthal 
(2010) is an example of a systematically designed sampling scheme that enables scaling 
up from households to villages, to districts and ultimately to the nation. Another approach 
is a stratified cluster design for village level surveys (Erenstein and Thorpe, 2010). These 
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approaches highlight the importance of obtaining detailed data on the ground in order 
to characterize the wide range of variability and complexity across livestock production 
systems. 

In spatially extensive systems, it is useful to develop feed balance maps, as was done 
in the Sahel (Chapter 10). Such maps identify locations where feed is in short supply or in 
excess, which can be responded to with livestock movements. Livestock distribution maps 
are developed based on information on the locations of pastoralists and their livestock. 
These are used to compute and map forage requirements. The requirements map is then 
compared with a map of feed availability to derive a map of feed surplus or deficits, which 
is useful knowledge for development planning and food relief efforts. 

On larger scales (regional through global), maps of livestock distributions can be sim-
ilarly used to assess the spatial distribution of livestock feed requirements in relationship 
to demands. Essentially, this would be equivalent to calculating and mapping the feed 
balance. The section below on databases provides examples of recent global livestock 
mapping efforts, although the uses of such maps to assess feed balances have been limited. 

At a higher level, there is also concern for the human food balance, particularly the 
degree to which animal-source foods are able to meet human demands. The methodology 
employed in such assessments invariably involves the use of human population mapping, 
combined with per capita animal source food requirements (Chapter 7). 

4.6 Database systems and national feed assessments
National feed assessments will inevitably involve the collection and management of large 
amounts of data. Database systems are therefore an important component of the meth-
odologies. The details of such systems cannot be provided here. However the reviews of 
existing feed assessment systems all point to database implementations of some sort. 
In highly developed systems, there is a centralized government database managed by a 
government agricultural statistics unit, as in Switzerland. Statistics are made available via 
reports and the internet. Accessible, user-friendly livestock feed data systems can also be 
developed, as has occurred in India. Clearly, the advents of spatial databases and GIS have 
made livestock feed assessments easier to carry out, and it has made the assessments more 
accurate. In crop-based systems, assessments are built on spatial data pertaining to crop/
land use/land cover. In spatially extensive systems, the assessments almost entirely depend 
upon capabilities to process remote-sensing and GIS data, and in some cases, the capability 
to feed these data into forage production models, which are also spatially explicit. Examples 
of integrated data flow systems are provided in the descriptions of systems developed for 
the Sahel (Chapter 10) and Mongolia (Chapter 12). Further discussions of data processing 
capabilities are provided in Chapter 16.

While the aim here is to develop guidelines for national level feed assessments, aware-
ness of FAO databases is potentially useful, in that there is a connection between FAO and 
country level databases. Given that FAO obtains its data from individual countries, it is true 
that the countries and not FAO are the ultimate data sources. However, FAO organizes the 
data in a particular way and makes it readily available. Increasing the accuracy of country 
level data on livestock feed availability and demands would consequently improve FAO’s 
databases. As seen above, global scale estimates of human appropriation of NPP, as well as 
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impacts of livestock on carbon balances, are ultimately tied back to FAO and thus country 
level assessments. 

Since 1950, FAO has been preparing a World Census of Agriculture (WCA) (FAO, 2010 
- http://www.fao.org/economic/ess/ess-wca/en/). The 2000 Programme was the sixth in the 
series. Since 1950, the WCA has been helping countries to carry out their national agricul-
tural census at least once every decade using standard international concepts, definitions 
and methodology. WCA 2010 provides countries with a flexible approach to the collection 
of agricultural data on a variety of subjects in an integrated manner. FAO encourages coun-
tries to develop their programme of census and surveys, keeping in view their priorities, 
practices and resource availability. The following websites describe relevant methodologies. 

www.fao.org/economic/ess/ess-wca/wca-guidelines/en/
www.fao.org/docrep/009/a0135e/A0135E04.htm
www.fao.org/docrep/009/a0135e/A0135E05.htm#ch8.3
Member countries provide the reports of their agriculture censuses to the FAO Statistics 

Division, which then disseminates the data through its website. FAOSTAT (http://faostat.
fao.org) provides time-series and cross sectional data related to food and agriculture for 
some 200 countries. 

The national version of FAOSTAT, CountrySTAT (http://www.fao.org/economic/ess/
ess-capacity/countrystathome/en/), is being developed and implemented in a number of 
target countries, primarily in sub-Saharan Africa. It will offer a two-way data exchange 
facility between countries and FAO, as well as a facility to store data at the national and 
sub-national levels. CountrySTAT gathers and harmonizes scattered institutional statis-
tical information so that information tables become compatible with each other at the 
country level and with data at the international level. The main objectives are to facilitate 
decision-maker’s access to information and to bind data sources that are currently spread 
throughout the different institutions.

The other half of the feed balance equation involves knowledge of livestock densities, 
in order to calculate feed demands. Global livestock distribution databases have also been 
developed with FAO support. These are useful for global assessments, but the methodol-
ogies that have been employed could also be applied at more detailed national level. The 
Animal Health and Production Division (AGA) of the FAO commissioned the development 
of a global Livestock Atlas over a decade ago (FAO, 2001). It was realized that livestock 
and animal production statistics vary considerably from country to country, meaning that 
regional or continental datasets are often incomplete. Consequently, methods were devel-
oped to fill in data gaps based on distributions across environments where statistics were 
available. Regression techniques were used to establish statistical relationships between 
known livestock numbers and various environmental parameters, including those derived 
from satellite imagery. Livestock and cropping data were derived from country level data-
bases supplied to FAO. These data were supplemented by more detailed surveys and cen-
suses, where available, and a variety of novel statistical techniques were used to determine 
animal numbers within different ecological zones in each country.

The use of spatial distribution models has been further developed since then (FAO, 
2007). These models use predictor variables such as human population density maps, dis-
tances to roads and city lights, elevation and length of growing season. Remote-sensing 
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data inputs include NDVI, air and land surface temperature, a rainfall surrogate, humidity 
and potential evapotranspiration. The models are used to try to fit observed cattle densities 
derived from national census reports, livestock surveys and data archives. While national 
livestock census data are inputs into the model, the value here is in the spatial allocation of 
livestock data at a finer level of resolution than administrative boundaries, and in relation-
ship to spatial distributions of GIS and remote sensing-based predictor variables. Species of 
livestock are mapped individually, including cattle, buffaloes, sheep, goats, poultry, and pigs 
and their gridded global maps are freely available (http://www.fao.org/AG/againfo/resourc-
es/en/glw/home.html). In addition, livestock can be allocated among livestock production 
systems using the model of Thornton et al. (2002; 2003). This creates an opportunity to 
estimate feed requirements more precisely because livestock diets for livestock in different 
production systems are more precise than simple species level diets.

4.7 Environmental considerations in national feed assessment
It would be an oversimplification to assume that livestock feed inventories sufficiently charac-
terize the demands placed on natural resources and ecosystem services by livestock produc-
tion activities. It would be negligent to recommend guidelines for carrying out livestock feed 
assessments without also considering these associated demands. Indeed, a broader defini-
tion of “feed balance” would consider not just the requirements of livestock for nutrition, 
but also the requirements for sustainable ecosystem services. The multidimensional aspects 
of these requirements and desirable future courses of action were examined in a study coor-
dinated by FAO, USAID and the World Bank (Haan, Steinfeld, and Blackburn, 1996). 

The assessment of LEAD (Livestock, Environment and Development) (FAO, 2006b) noted 
the increased demand for livestock products globally and the effects that has had on the envi-
ronment. The pressures include marked expansion of land used for grazing and the advent 
of grain feeding and consequent demands for feed grains and arable land. It found that two 
antagonist trends are at play: on the one hand, production growth will further increase land 
demand by the sector, though at diminishing growth rates. On the other, continuous inten-
sification will reduce the area of land used per unit of output. The relative strength of these 
two trends will determine the trend in total area used by livestock. It was shown that large 
amounts of N fertilizer are used for maize and other animal feed, especially in nitrogen-deficit 
areas such as North America, Southeast Asia and Western Europe. More than half of total 
maize production is used as feed. Other feed crops are also important consumers of chemical 
N fertilizer. Releases of CO2 and other greenhouse gases were also quantified. 

The multiple effects of livestock in the context of global changes in human populations, 
land use and climate have been reviewed many authors (Steinfield et al., 2010). Han et 
al. (2010) recognized that the livestock sector is the most important global land user, and 
competition for land, water, fossil fuels, and climate change will be main drivers of future 
livestock systems. The demand for feed grains will expand to meet the continuous growth 
in demand for meat and milk. Many systems have shifted from grassland-based to mixed 
farming, and above all, to intensive production in landless systems, especially pigs and 
poultry. Gerber et al. (2010) showed that livestock are a major user of land resources, for 
fodder and feed production. Meat and milk production are growing faster than pasture and 
cropped areas due to intensification. There is particularly strong intensification and cluster-
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ing in pig, poultry and dairy sectors. Reid et al. (2010) examined effects on biodiversity. The 
bigger impacts of livestock on biodiversity appear to be indirect, through deforestation to 
create pastures, the growing feed trade, and pollution of waters and emissions of green-
house gases. They identified two “syndromes” by which livestock affect biodiversity. The 
extensive dryland syndrome occurs on moister fringes of drylands, as rangelands contract 
to make way for cropping and settlement, with significant impacts on biodiversity. The sim-
plified intensive syndrome occurs where grazing is heavy and wildlife are all but excluded, 
and only grazing tolerant plants are able to thrive. 

Feed lies at the interface of the positive and negative effects of livestock, income, liveli-
hoods and the environment (Asner and Archer, 2010). The most profound effect of livestock 
on the global carbon cycle is a growing set of worldwide ecological degradation syndromes 
including deforestation, woody encroachment and desertification. There is also a wide range 
of collateral carbon flows, including losses to the atmosphere via tropical deforestation.

Feed importation to cover deficits can lead to increased environmental pressures in the 
way of increased stocking rates, which consequently impose increased grazing pressures on 
pastures, grasslands and rangelands. Although the increased feed supply that arises from 
importation may seem to meet animal needs, stocking rates are often raised above levels 
to which they would be regulated due to feed deficiencies. For example, a system that is 
supplemented with feeds in winter may result in higher stocking and grazing pressures on 
grasslands during the growing season. A second consequence of feed importation is the 
increase in animal waste materials and associated nutrients which must be appropriately 
managed to prevent nutrient accumulations in the environment, on land, in water, and 
through gaseous emissions (e.g. nitrous oxides). These responses may occur as a result of 
intra- as well as inter-national scale feed redistributions. 

Blümmel et al. (2010) identified additional issues. One hundred times more water is 
needed for livestock than is used by livestock for drinking, due to use in feed production. 
Over 90 percent of water used in livestock agriculture is for producing feeds (FAO, 2006b). 
The use of rough crop by-products reduces digestive efficiency, leading to increased meth-
ane (a greenhouse gas) production. The use of roughage for feeds competes with uses for 
soil improvement and the leaving of crop residues in place as a part of zero tillage can be 
important for conservation agriculture. 

Livestock can also have beneficial effects on their environments. In many areas, such as 
in many of the developing countries of Africa and Asia, livestock convert crop residues to 
manure which is then used to enrich soil fertility without the use of chemical fertilizers. A 
secondary benefit of crop residue use is a decreased use of grains for animal feeding. Her-
bivores can promote vegetation productivity under certain conditions (Frank et al., 1998; 
McNaughton, 2001). Properly managed grazing regimes can also increase water infiltration 
rates and provide improved microsites for seed germination (Savory, 1988).

To summarize, livestock feed production is tied to ecosystem functioning, ecosystem 
services and ecological sustainability. What is produced now may or may not be sustainable, 
in environmental terms. What can be sustainably produced in the future, similarly, cannot 
be determined without consideration of environmental responses. Trade-offs with values 
arising from alternative land uses, such as wildlife habitat preservation, biodiversity conser-
vation and ecosystem service provision must also be taken into consideration.
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5. Guidelines for the 
development of National Feed 
Assessment Systems (NFASs) and 
the implementation of National 
Feed Assessments (NFAs)

5.1 Overview
The process of implementing a National Feed Assessment System (NFAS) occurs in three 
phases: 1) planning, 2) establishment and 3) updating. In the planning phase, procedures 
and designs are developed for the implementation of the assessment system. The estab-
lishment phase implements a fully operational system based on these procedures and 
designs. During the updating phase, the NFAS is sustained and improved as technology 
and user needs and expectations evolve. Here, the three phases of developing and main-
taining a NFAS are described. The procedures are not meant to be strictly adhered to in all 
situations. Instead, they are suggested procedures, and they should be adapted to best fit 
the situation and conditions in each country or region that develops a NFAS. 

The target audiences of the guidelines are members of national and regional govern-
ments and of research organizations who wish to establish a NFAS. The aim here is to 
provide guidance not only on technical issues but on the procedural aspects of building and 
institutionalizing a NFAS. It may be noted that proper understanding of the analysis and 
synthesis presented in the proceeding sections is a prerequisite for proper implementation 
of the approaches and procedures outlined here. Familiarity with the technical issues, espe-
cially related to methodologies for assessment of extensive feed resources (Chapter 16), 
would be helpful background information. The case studies given in Chapters 7–15 will 
serve as examples and aid in the establishment and updating of a NFAS. The guidelines 
were developed in discussions with a wide variety of subject matter experts in various 
aspects of feed production, livestock feed requirements and livestock production systems. 
Their expertise included experience in assessing livestock feed availabilities across a wide 
range of environments, from spatially extensive, low production systems based primarily 
on natural grasslands, to spatially intensive, high production, mixed crop-livestock systems.
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5.2 Planning phase
5.2.1 Objectives
1. Develop a preliminary understanding of national feed resources within the 
context of evolving livestock systems 
Before a NFAS can be developed, it is critical to develop an understanding of the feed 
resources in the country in question, because the NFAS will be designed to address the 
types of feed resources that exist there. Furthermore, the NFAS will be targeted to the types 
of livestock production systems that occur there. These systems will have specific needs for 
feed resources, and they will be based on established modes of feed acquisition and deliv-
ery. Given that livestock production systems are continuously evolving, anticipated trends 
in livestock systems must be anticipated in order for the NFAS to be useful into the future.

2. Plan and develop an agreed set of procedures for carrying out national feed 
and feed balance inventories for all types, gradations and mixtures of grassland/
rangeland-based and crop-based systems 
Various methodologies, approaches and analytical tools for assessing feed availability in 
rangeland and crop-based livestock systems are described in Chapters 7–16 of this doc-
ument. These tools are available, and they can be applied to various livestock systems as 
appropriate. However, the process of establishing a NFAS involves more than tool selection; 
for example, knowledge of institutional and organizational aspects is also important. 

5.2.2 Stepwise process
1. Form a task force or working group
The first step is to establish a planning and design task force. The composition of the 
task force should include people with a wide variety of relevant subject matter expertise 
regarding livestock production systems in a broad range of environments and settings, as 
well as people with expertise on the procedural and organizational aspects of implement-
ing national-scale database systems. Technical expertise will be needed in various aspects 
of livestock and feed production systems, agricultural statistics and spatial databases. The 
task force might also include stakeholders who are affected by various aspects of livestock 
feed production activities and feed availabilities. These could include livestock producers, 
government ministries, private sector representatives, NGOs and researchers or domain 
experts. The stakeholder group may be particularly important in rangeland and pastoral 
systems where feed resources are shared. 

1.1 Identify and recruit task force or working group members 
Key members might include:

•	 People with skills and knowledge in agricultural resource statistics and agricultural 
systems analysis;

•	 People with extensive knowledge of rangeland and crop-based livestock production 
systems, and animal nutrition;

•	 People with technical capabilities in GIS, remote sensing, database design, statistics, 
sampling and surveys; 
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•	 People with multi-disciplinary expertise, that is, with broad, large-picture, integra-
tive, systems-level perspectives. These persons would be accustomed to working on 
multi-disciplinary problems in coordinated teams. For spatially extensive rangeland 
systems, this includes people with an understanding of pastoral systems (breeding, 
ecology, herd and pasture management, pasture yield measurements, disease and 
socio-ecology). For crop-based systems, this includes people with expertise in crop 
production, mixed crop-livestock systems and intensive livestock production systems; 

•	 People from farmers’ or livestock keepers’ associations, and pastoral NGOs;
•	 People from government ministries overseeing agriculture, land use and the environ-

ment; 
•	 People from the private sector who are involved in feed production;
•	 People from NGOs and research institutions who have relevant experience; and
•	 Proponents, including individuals who are in a position to push the implementation 

forward with respect to government institutions and other potential end user groups.

1.2 Identify desired outputs of the NFAS (needs assessment) 
The task force should carry out an initial needs assessment to identify the types of systems 
and livestock feed data that already exist, and the feed data that do not exist but which are 
needed by decision-makers. It may be necessary to retain consultants and outside experts 
to participate in this assessment. A primary objective here is to identify what information 
will be useful to decision-makers. What are the questions that the data will provide answers 
to? What are the objectives of the NFAS? The assessment should consider how the informa-
tion will be complied, managed, used and updated. Specific outputs should be identified 
and assessed in terms of information content, the utility of the data and the potential 
costs of producing the data. The feasibility of producing the desired data outputs could be 
assessed in a preliminary manner. 

Desired outputs from the NFAS may include static databases, or a dynamic assessment 
process, or a system that has the ability to forecast future feed situations. The outputs 
should be identified in terms of the following:

•	 Format and mode of delivery (maps, documents, web sites, data bases); and
•	 Specific output variables to be reported; for example: 

-- total feed biomass, available feed biomass, accessible feed biomass;
-- feed balance situations, number of animals that can be fed given available or 

accessible supplies; 
-- animal products that can be produced with the available feed (milk, meat, other 

products);
-- anomalies in feed biomass availability, or deviations from normal;
-- seasonal, annual temporal variability and dynamics of feed availabilities; 
-- projected feed availabilities into the future; and
-- uncertainty measures and statistical confidence levels. 

1.3 Initial design for the inventory system 
The design of the inventory system will involve processes of agreeing on terminology, 
approaches, methods and tools. This could occur through meetings, planning workshops, 
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and internally and externally reviewed manuscripts. The feed resource components that will 
be considered must be explicitly identified. Terminologies for feed resource categories and 
production processes that are in currently in use are often not widely understood, precisely 
defined or agreed upon. The range of approaches, methods and tools is wide, and not all 
approaches can be expected to be suitable for the feed situations at hand. Data availabil-
ities will vary among regions and countries. Between rangeland and crop-based systems 
there is a particularly wide divergence in terms of the approaches used and the types of 
data that are required and available. The range of approaches is demonstrated in the case 
studies presented in this document (Chapters 7–15). It can furthermore be expected that 
situations will arise in which existing approaches must be modified or expanded upon. 
Finally, data sources, data flows and analytic processing must all be attached to personnel 
who are in appropriate positions, and who have appropriate expertise. These personnel 
should be identified and their roles clearly stated and understood. In essence, the design of 
a NFAS is about systems design, in the truest sense. A system is a set of interacting com-
ponents and processes. In this case they are interlinked through data flows. The processes 
and flows are mediated by specific personnel. 

The steps to be taken in the design process include the following. 
•	 Define the target feed and livestock systems, their typology and terminology	

-- review available typologies and terminologies;
-- select and refine the typology as appropriate;
-- develop an initial glossary of terminology. 

•	 Develop an initial design for the inventory system
-- identify overall data flows and data base designs, decision flows and specify algo-

rithm capabilities;
-- identify existing methods, tools, algorithms, models, and data processing streams 

for use, and develop new methods and procedures as necessary; 
-- identify participants and their roles (data sources, data users, analysts, institutional 

linkages, partnerships).

2. Define key classification parameters, develop a classification system, and 
observe commonalities among classes 
The purpose of developing a livestock production system classification is to establish a 
framework for calculating livestock feed availabilities according to class of production sys-
tem. It will improve the accuracy of the national assessment if the within-nation systems 
are disaggregated in such a way as to enable calculations for functionally similar types of 
production systems. If functionally dissimilar systems are aggregated, the feed calculations 
will most likely be less accurate. 

2.1 Identify the key parameters that will capture the essence of various livestock 
production systems 
The classification system will be based upon key parameters. The key parameters must be 
chosen with the aim of capturing key functional differences among livestock production 
systems. For example, functional groups of livestock production systems may be based 
on types of livestock, types of feed, biophysical characteristics, geographic locations and 
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degree of integration with trade at local through international scales. It will be expedient 
to identify the minimum set of parameters that will have to be assembled to achieve 
acceptable accuracy. 

2.2 Develop the livestock production system classification
The challenge here will be an acceptable, yet useful, level of aggregation. A broad clas-
sification might begin with the distinction between spatially extensive rangeland, mixed 
crop-livestock, and industrial/landless systems. There will be issues of what constitutes an 
acceptable level of aggregation. For example, crop-livestock systems might be subdivided 
into rice/beef systems, wheat/dairy buffalo systems and rice/pork systems, if that subdivi-
sion is based on meaningful differences in livestock feed requirements and feed sources. 

2.3 Develop an increased understanding of the differences and commonalities of 
various livestock production systems
Develop processes for stimulating thought that results in improved understanding of a 
country’s (and region’s) livestock production systems and their dynamics and, within that 
broad context, the key role of feeds. Key differences and commonalities among systems 
will become increasingly apparent as this systems analysis is refined over time. As a result, 
the classification system, and the NFAS which is built upon it, will also become increasingly 
accurate. This process of improving understanding can be accomplished through a variety 
of approaches, such as networking, workshops, educational activities, and internal and 
external reviews.

3. Identify the methods, tools, and resources required
3.1 Assess methods and tools required in terms of technological capabilities
The methods and tools that will be used in the NFAS will be based upon existing and avail-
able technologies. The NFAS should not be designed based upon technologies that cannot 
be accessed. Thus, the technology that is required must be assessed in relationship to the 
available technological capabilities. Technological capabilities will vary among countries, 
among regions within countries, and among institutions within countries. For example, 
it can be expected that some areas might have high capabilities to use satellite/GIS data, 
while others will be dependent on various conventional field methodologies, and others 
will integrate the two approaches to varying degrees. Likewise, computation and data 
processing capabilities will also vary. 

3.2 Assess the resources required to produce and maintain the system
The NFAS must be designed in light of the resources that will be available to produce and 
maintain the system. Required resources will include expertise, infrastructure, organization, 
personnel time and funding. Each of these must be taken into consideration. While people 
in-country will have general knowledge of the expertise and infrastructure that is available, 
it will be useful to characterize and quantify these in some way because this is related to 
the resource requirements. The amount of personnel time that will be required and that is 
available will depend on multiple factors. If the work is to be carried out within an existing 
institution or government unit, for example, existing personnel time may need to be freed 
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up, and the amount will be constrained by other organizational needs. Funding resource 
requirements must be quantified, and sources identified. What will it cost to develop and 
then maintain the NFAS? Where will the funding come from?

3.3 Formulate algorithms and describe models in a preliminary or draft fashion 
The NFAS will involve modelling and computation, as raw data are processed and com-
bined to produce meaningful outputs. The exact mathematical procedures for deriving 
a data product must be laid out, though not necessarily fully developed in this planning 
phase. Here, the models and algorithms can be presented in a preliminary or draft fashion, 
and they can be more fully developed in the establishment phase. Models and algorithms 
could, for example, be presented as flow diagrams, with specific computational processes 
identified in terms of data inputs and derived outputs. 

4. Identify data needs and sampling strategies
4.1 Identify data needs and potentially available data sources 
The design of the NFAS will include specifications for data inputs and sources. Data inputs 
must be characterized in terms of what is being measured, how it is measured, how often 
it is measured and how accurate it is. At this stage, a preliminary assessment should be car-
ried out of potential data sources and modes of delivery and access. This will likely include 
ground-based data on feed resources, remotely-sensed data on forage biomass, GIS data 
for a wide range of variables, crop production rates and harvest coefficients, and data on 
livestock production systems from household surveys. 

4.2 Inventory current data sets, methods and tools, and conduct a needs 
assessment or gap analysis to identify missing data
Here, the actual work of inventorying data sets, methods and tools must be carried out in 
the context of a needs assessment. Inventories will likely need to assess multiple existing 
and potential sources for a variety of input data. The sources must be assessed in terms of 
ease, reliability and costs of accessing data. Similarly, existing methods and tools must be 
inventoried in terms of the certainty that they will be available or developed, how reliable 
they will be, and how costly they will be. 

4.3 Develop a sampling strategy for household surveys to define a baseline 
It is highly likely that many data inputs will be derived from household surveys and subse-
quently scaled up to villages, regions and, ultimately, the country. Consequently, a sampling 
scheme must be developed which includes sampling criteria for selecting representative 
systems within countries. The representative systems would be identified on the basis of the 
livestock production system classification noted above. Household surveys would provide 
data on livestock types and numbers, their feed types and sources, and their economics. 
The sampling strategy should be well designed statistically, so that case study results can 
be extrapolated to the larger, overall production system type.
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4.4 Identify necessary resource and logistic inputs required for the data collection 
and sampling programmes
Data collection and sampling programmes will have been identified as above, however 
the resource and logistic inputs for these programmes must also be explicitly identified. 
Given that large areas are being covered at a national level, the need for resources could 
be quite significant and it is likely that resources will constrain the intensity of sampling 
that can actually be achieved. As such, once the resources are identified, it is likely that the 
sampling scheme will have to be revisited given these constraints. This is especially likely to 
be the case in in spatially extensive rangeland systems because large land areas with little 
infrastructure must be covered. In these areas, remote-sensing data will have to be used 
to the greatest extent possible. Remote-sensing data will be useful in both rangeland and 
crop-based regions, so the resources required to obtain and process these data must be 
carefully identified. 

4.5 Develop data processing flows
Data obtained from multiple sources will need to be processed through structured databas-
es and computational procedures. Database design is central to the NFAS. Significant effort 
will be required to design the structure of the databases and computational processing for 
transforming primary input data into derived data that are useful for assessing livestock 
feed availabilities at a national level. Depending on the organization of the NFAS, data may 
be processed centrally, or in a distributed fashion, with data coming into multiple data pro-
cessing nodes distributed throughout the country, processed, and then sent on to a central, 
national level data processing facility.

5. Conduct feasibility studies of alternative approaches 
While the NFAS design will be designed as carefully as possible, it is not guaranteed that 
the design will prove to be feasible once put into practice. Until the NFAS procedures are 
actually put to the test, it will remain uncertain as to whether they will actually prove to be 
feasible. Implementation of the first pass design will likely reveal areas with unanticipated 
capability shortfalls. Thus, it might be prudent to carry out feasibility studies of various 
aspects of the NFAS, which may lead to revisions in the design. The feasibilities of alterna-
tive methods, tools and means of output delivery should be considered. Feasibility studies 
might also include analyses of the sensitivity of outputs to the uses of alternative approach-
es. This could help in securing funds for establishing and maintaining the NFAS, because 
such studies would provide evidence that particular areas of the NFAS require additional 
funding to ensure that the entire NFAS is capable of providing the desired outputs. 

6. Develop strategic papers 
The development of strategic or white papers is an important “intermediate” step. In 
particular, it would be useful to develop a high-impact article addressing focused issues 
and problems with the development and establishment of a NFAS. Such an article would 
bring attention to the utility and importance of a NFAS and would highlight the challenges 
for its implementation. This would be useful as a focal point for the team that is working 
on the NFAS, for the stakeholders who stand to derive benefits from the NFAS, and for all 
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interested parties, including the press, who would convey the story to the public and to 
policy-makers who have influence on national funding decisions. 

7. Develop functioning regional partnerships
7.1 Identify stakeholders and partners for implementation and institutionalization 
The roles of stakeholders and partners are delegated in terms of the results that are desired, 
and the types of inputs they are able to provide.

Stakeholders and partners are central for the implementation of the NFAS because they 
will undoubtedly play a variety of important roles in its ongoing operation and utilization. 
They may, for example, be data providers, or they may be facilitators of data sources. They 
will also play a role in its institutionalization. The NFAS will become an important part of the 
nation’s livestock production system. It will become something that producers and consum-
ers both rely upon. As such, it must have a reliable home and a dependable support system. 

7.2 Analyse stakeholders and partners in terms of their desired outcomes, 
potential conflicts, synergies, overlaps and domains of interest 
The stakeholders and partners will have varied roles, contributions, capabilities and desired 
outcomes. In order for these entities to function synergistically, it will be necessary to 
analyse their characteristics. There may be synergies, overlaps or conflicts among their 
potential roles and desired outcomes. These must be resolved by delegating specific roles to 
each entity in order to minimize conflicts and maximize synergies. In effect, this is another 
example of a systems analysis, in which multiple entities interact to produce a whole that 
is more than the mere sum of the parts. 

7.3 Establish linkages to potential key partners from local communities or districts 
Partners at the local community and district level will be important as data sources as well 
as users. The task of establishing linkages to local and district partners will be a substantial 
project, and will need to be identified as such. The necessary monetary, logistic and human 
resources must be anticipated as part of a plan to accomplish this task. 

7.4 Propose and formally agree upon the partnerships
The partnerships must be formalized and agreed to in order for them to be tangible, and 
in order for the partners to commit and have the responsibility to follow through. The 
agreements will lay out the roles and responsibilities of the partner, as well as the NFAS. 
The NFAS will also have responsibilities to the partners. The relevant authorities or leaders 
will need to sign, but it may be expected that these leaders will have to seek the support 
of their constituencies, particularly if significant resources are involved. 

8. Acquire funding for the required infrastructure (computers, labs, etc.), staffing 
and personnel 
Funding for infrastructure and personnel will be required to establish and run the NFAS. The 
acquisition of funding must occur in the planning phase. 
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9. Establish or utilize existing institutional frameworks
An institutional framework must be created. The institutional framework is the backbone 
of the NFAS as an organization. The details of the NFAS will be built on this framework. The 
NFAS institutional framework may be comprised of a single NFAS organization, or it may 
be comprised of a coalition of organizations with diverse roles and responsibilities. It may 
include regional collaborations given the trans-boundary nature of many of the spatially 
extensive livestock production systems. 

10. Develop an initial interactive data portal and web service to disseminate 
information arising from the planning phase
The results of the planning phase should be communicated as effectively as possible. The 
results should be made available in the internet via a web page. Secondly, a prototype data 
portal and web-based data service should be developed and presented or beta tested at 
this stage. A web site that informs users and enables data access should be central to the 
NFAS. At the end of the planning phase, users should be accessing a prototype version, 
providing feedback on the planned capabilities and possibly testing some of its preliminary 
functions using test data sets in their anticipated formats. 

5.3 Establishment phase
5.3.1 Objectives
1. Implement the designs developed during the planning phase to construct a 
fully operational feed inventory system providing information on a regular basis
This is the primary objective of the establishment phase. The goal is to implement the plans 
and establish the first version of the NFAS. It can be anticipated that issues will arise and 
will need to be resolved to improve upon the first version. A stepwise process is presented 
below for carrying out the implementation. 

2. Create inventories of livestock feed resources and conduct assessments of feed 
balances at local through district levels 
The first outputs from the NFAS will be produced at local through district levels. The first 
assessments will be conducted in a select, representative subset of locales. The outputs will 
be evaluated and made available for internal and external review. 

3. Scale up the planned approaches, methods and tools to the national level 
Once the NFAS has been tested and refined in a subset of representative locales, the NFAS 
can be implemented throughout the country. The first national scale assessment will, in 
effect, be a summation of assessments from all of the regions. 

5.3.2 Inputs
Success in the establishment phase will depend on a number of inputs, most of which will 
have developed as outputs from the planning phase. 
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1. The plans and designs from the planning phase, including agreed upon 
terminology, approaches, methods and tools 
Here, the plans and designs developed during the Planning Phase will be implemented for 
the first time. The plans should be followed as closely as possible, but it is also likely that 
modifications will occur as the implementation proceeds. 

2. The funding that was secured in planning phase
The NFAS cannot be implemented without sufficient funding. The planning phase will have 
provided cost estimates for the implementation, and accordingly, funding sources should 
have been identified. These funding sources must now be activated. 

3. The institutional framework that was established in the planning phase
The institutional framework must be in place, because it will be the basis for the part-
nerships and collaborations necessary to implement the NFAS. This should consist of 
functioning regional partnerships and an interactive data portal and web service. The 
interactive data portal and web service will facilitate communication, and information and 
data sharing. 

4. A technical body or organization within the framework of existing institutions
A technical body or organization will oversee the overall operation of the NFAS. While this 
entity will be new, it will most likely exist with the framework of existing institutions such 
as government ministries, national laboratories, universities and the private sector, because 
they will already have in place the highest level of technical expertise that is available in the 
country. The technical body could be the same as the Task Force identified in step 1.2 of 
the planning phase, or it could be an outgrowth of the Task Force. 

5. Existing capabilities and infrastructure as identified in the planning phase 
The necessary capabilities and infrastructure will have been identified in the planning 
phase, but not necessarily developed. This applies to the local as well as national level. 
Existing facilities can be built upon or leveraged. 

6. Existing data sources that were identified in the planning phase
Data sources that were identified as already existing must be shown to be in place and 
operational. 

7. The tools and methodologies identified and preliminarily developed in the 
planning phase 
During the planning phase, tools and methodologies will have been identified and devel-
oped in preliminary or prototypic forms. 

5.3.2 Stepwise process
A stepwise process is suggested here to establish a NFAS. These steps are only intended 
to serve as guidelines for a logical sequence of actions leading to a functional NFAS. The 
importance, necessity and level of investment in the suggested steps will no doubt vary 
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among countries and among regions within countries, depending on the needs and capa-
bilities at hand. 

1. Establish and train personnel
At the outset, staff must be put in place to carry out the establishment, including the 
actual development, of the NFAS. Shortly thereafter, staff must be put in place to process 
data coming from local and regional sources, from other existing institutions and from 
remote-sensing platforms. Staff must be put in place that are responsible for data flow 
from local to national levels where local data are processed and synthesized to form the 
national assessment. All of these personnel may require some degree of training. 

2. Develop needed technical capabilities and infrastructure beyond what exists 
already (Input 5)
The development of these resources must occur at the beginning of the establishment 
phase. It would be cost and time effective to build on or leverage existing facilities. Data 
handling and computational facilities and capacities will be critical. Remote-sensing hard-
ware and software may be required. Infrastructure is necessary for carrying out household 
surveys and feed resource sampling. Needed resources may involve transportation, labora-
tory space, office space and housing. 

3. Develop detailed technical specifications that are fully developed and 
documented 
These would include specifications for: 

•	 data types to be collected;
•	 data collection procedures;
•	 quality control procedures;
•	 analysis and interpretation processes;
•	 data production processes;
•	 algorithms, data flow procedures; 
•	 database systems - including metadata; 
•	 reporting processes; and
•	 interpretation of the assessment system products, in terms of when and where they 

can “help”, and their limitations.
The full development of technical specifications based on the designs produced in the 

planning phase may occur at the outset of the establishment phase. Although these spec-
ifications may have been developed in the later stages of the planning phase, this level of 
detailed design requires resources which may not be put in place until the establishment 
phase. These resources include personnel, infrastructure and funding. It will be important to 
document the specifications so that they are standardized and replicable. Formal documenta-
tion also provides a basis for analysis, discussion and precisely targeted improvement efforts. 

4. Further development of data sources
If data sources do not exist (Input 6) or if existing data sources need to be modified to suit 
the needs of the NFAS, then the data sources must be developed. Of course, the entire 
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NFAS depends on data from a wide range of sources. Sources include field data, GIS data, 
remote-sensing data and data being obtained by other institutions such as District Offices, 
and Ministries of Agriculture or Trade. Consequently, institutional arrangements may be 
required for data access. 

5. Develop tools and methodologies
These were identified and designed in the planning phase (Input 7). During the establish-
ment phase, they must be fully developed and tested. The tools and methodologies will 
be developed for data processing, computation, GIS, remote sensing and field surveys, for 
example. The personnel involved in tool development will be equally diverse, and are likely 
to be distributed among multiple teams working on various aspects of the NFAS. Since data 
will flow among various units, and activities must be coordinated, it will be useful if not 
necessary to establish cross-unit working groups. 

6. Carry out the first implementation of the system to conduct a national 
livestock feed assessment
The first implementation of the NFAS will be carried out, no doubt in experimental mode 
in which the procedures are tested, evaluated and refined. Given that feed resources are 
dynamic, varying seasonally and annually, the assessment should include estimates of feed 
resources tabulated and mapped in a time series starting with a recent base year. It will be 
important to test the ability of the system to capture the full range of variability. The sys-
tem must be shown to incorporate and process necessary data during different conditions 
because feed resources vary in quantity and quality.  

7. Deliver and disseminate the assessment products 
Products should be disseminated to stakeholders, agencies, universities and any other 
interested end users. An interactive data portal and web service should be resourced and 
activated to make the data available to any and all. Advice should be provided on the 
proper use of the data.

8. Validate the assessment system outputs 
A variety of tests could be devised to validate estimated feed availability. Estimates should 
be checked against independent data sets, that is, data sets that were not used as inputs. 
For example, feed estimated from land use and climate data could be compared with esti-
mates derived from market or livestock production data. When outputs are derived from 
remote sensing or computed from ancillary input data (e.g. precipitation, land use), there 
should be a methodology in place for the verification of assessment outputs against ground 
truth data. Validation studies should be designed using a structured sampling framework to 
ensure representativeness across the full range of diversity in production systems. 

9. Assess the assessment system
Conduct an analysis of system capabilities and deficiencies, including a needs assessment 
for required improvements. Evaluate whether the system is able to produce timely and 
accurate data, and data that are useful to end users. Is data coverage adequate? Is it rep-
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resentative? Can available resources be more optimally utilized and distributed? Evaluate 
the efficiencies and factors that reduce efficiencies of data assimilation, processing and 
reporting. 

10. Institutionalize the assessment system and ensure there are mechanisms to 
maintain the necessary infrastructure for its continued application 
This step includes:

•	 the identification of the national implementing partner;
•	 the establishment of an institutionalized coordinating team. The institutional struc-

ture could be at a national level. However, regional transboundary issues prevail in 
spatially extensive rangelands systems and will increasingly affect crop-based systems 
because of increasing market utilization by livestock producers;

•	 the establishment of a central government budget line to support the system, along 
with capabilities for the necessary mobilization of resources, capital and recurrent 
expenditures; and

•	 the establishment of a regional training programme for staff who will implement the 
system, as well as end users who will use the outputs of the system.

11. Train stakeholders in the proper use of the data outputs
The stakeholders must be trained in the proper use of the data. This must include under-
standing of the intended scope and power, and conversely, the limitations of the data. The 
developers and participants in the NFAS would of course have the greatest understanding. 
However, outside analysts and consultants could develop the necessary expertise to provide 
this training to others. 

12. Develop mechanisms to promote sharing of knowledge and experience 
with other countries, via an international network, or through existing regional 
organizations
Sharing of experience, knowledge and ideas with other countries will provide opportunities 
for learning. The cross-fertilization of ideas will promote creative solutions to the benefit 
of all. An international network of NFASs would be one way of bringing this about. The 
network could have a common web site or forum for exchange of information and ideas. 
International network meetings could be held annually or biannually. Information sharing 
could also take place through existing regional organizations with established member-
ships, for example agricultural, livestock producer and other professional organizations, 
scientific societies, or NGOs concerned with various stakeholder interests. 

5.4 Updating phase
5.4.1 Objectives
1. Develop a process for ensuring that the NFAS is maintained and employing 
state-of-the-art technology and providing outputs that are relevant to current 
demands 
The NFAS will need to be maintained, improved and updated with ongoing technological 
advances. This will be as much, if not more, about institutional change as it is about tech-
nologies. 
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2. Identify who and with what resources the system will be maintained 
For the NFAS to be stable and sustainable it must have a home and a system of caretakers 
and overseers. This will entail the establishment of ownership. It will also entail the devel-
opment of a sustainable source of income, possibly from government sources, but quite 
possibly also from private sources, particularly end users. 

3. Ensure that the system is providing up to date, quality-assured information at 
relevant time scales
The NFAS must be evaluated routinely to ensure that the data it is providing is timely and 
accurate. The timelier the information is, the more useful and powerful it will be for deci-
sion-making. Timeliness should be evaluated in relation to the important time scales of 
variations in feed availability. Significant fluctuations may occur on monthly, seasonal and 
inter-annual time scales. In addition to climate-driven rapid changes in growing conditions, 
attention should be given to slowly changing variations in underlying parameters, such as 
land use, changes in livestock feeding practices and even societal changes. 

5.4.2 Stepwise process
1. Secure funding for ongoing monitoring, system maintenance and updating 
The NFAS will require a funding source to run and maintain over the long term. The utility 
of the results of applying the system will need to be demonstrated to potential funding 
sources. This, in turn, will depend on user feedback as well as results of assessments of the 
NFAS. It will be important to show that there is an established user base and that the NFAS 
outputs in some way enhance livestock production and human well-being. 

2. Report the validated approaches, methods, tools and agreed terminology
Users, developers and any interested parties should be able to learn about the NFAS in as 
much detail as they desire. The NFAS operations must be described in a transparent way, 
so that all parties can understand what it is, what it does, what it requires as inputs, and 
what it produces as outputs. Approaches, methods and tools should be described in both 
simple and technical terms. Technical terminology should be clearly defined; otherwise the 
documentation that uses these terms will be opaque to readers. 

3. Develop a process for obtaining feedback from end users, funding agencies, 
outside experts
The feedback process will likely entail surveys, workshops and independent reviews. An 
external advisory panel and/or steering committee could be established to assimilate the 
results of the feedback process and make recommendations for system improvement. 

4. Ensure that current, state-of-the-art knowledge and institutional structures 
are being employed in the inventory, both in the technology behind the data 
acquisition, and in the interpretation and analysis of the data 
Assessment system personnel must be kept up to date with the current state of the science 
via training, participation in conferences and research. Internal reviews could be carried 
out. An external advisory panel or steering committee could be established to periodically 
evaluate the system in this regard.
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5. Conduct biannual reviews of the system, identifying strengths and weaknesses, 
areas where the system could be improved, and where data gaps exist
Annual or biannual reviews should be conducted to ensure that the NFAS is up to date 
in all respects. External reviews by experts provide valuable fresh insights and knowledge. 
Reviews by end users and stakeholders provide feedback on system performance related 
to needs and expectations. Internal reviews are valuable in that system participants have 
in-depth knowledge of system shortfalls and data gaps. Reviews should be constructive 
rather than simply being critical. 

6. Refine the terminology, approaches, methods and tools
These are the central tasks involved in updating the NFAS. Terminology will need to be 
refined as more is learned about the factors involved in livestock feed production and 
availability. The increased knowledge will lead to more precise definitions of terms. The 
approaches, methods and tools will be refined with knowledge gained through experience 
and with technological advances. Experience will lead to increased understanding of what 
works and what does not. New ideas will arise as the NFAS provides new insights into the 
country’s livestock feeding systems. New sources of data can be expected to come on line. 
New computational capabilities will be developed.

7. Develop general relationships between key livestock system parameters and 
observed results from monitoring sites
Over time, data from the assessments can be analysed to try to find general relation-
ships between key production system parameters and feed availabilities among sites. Key 
parameters may be biophysical, organizational or economic in nature. The purpose here is 
to develop an increased understanding of the primary factors governing feed availability. 
Indeed, these scientific analyses could be carried out and published for a wide audience. 
The increased understanding resulting from these analyses could be used to strengthen 
livestock feed production systems and increase the resilience of the livestock production 
sector as a whole.

8. Provide ongoing training and capacity-building 
Knowledgeable and skilled personnel will be required to keep the system functional into 
the future. Expertise will be required with respect to knowledge of livestock production 
systems, as well as hardware, software, databases and administration. Funding must be in 
place to support this training. Linkages with universities could be beneficial in this regard, 
because knowledge could be gained from them, and knowledge of current approaches 
could also be transmitted to faculty and students. 

9. Ensure that the system is adapting to changing needs within the country 
End users may increase in number and diversity, or they may change. The system must 
respond to these changing needs through the development of new approaches. This could 
be accomplished through recurrent needs assessments. Above all, the NFAS will continue 
to exist only if it is meeting the needs of its users and stakeholders. 
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SECTION III

Case studies



This section presents a number of in-depth case studies of current approaches to 
assessing livestock feed situations and feed balances. 

First, the global growth in demand for animal-source foods is assessed using 
state-of-the-art databases on global changes in human populations, diets and 
land uses. 

This is followed by perhaps the most sophisticated example of a national feed 
assessment system – that which has been developed in Switzerland over decades. 
This case study provides an example of what can be accomplished with highly 
developed national agricultural databases. 

The case study from India provides insights into one country’s approach to 
assessing livestock feeds in an extremely diverse set of livestock production sys-
tems involving high degrees of utilization of crop by-products. 

The subsequent four case studies address spatially extensive livestock pro-
duction systems in rangelands and grasslands of Africa and Asia. In contrast to 
the intensive systems in Switzerland and India, these systems make heavy use of 
remote-sensing data. 

The Livestock Early Warning System (LEWS) that has been applied in the Gobi 
region of Mongolia goes even further in using models driven by climate and other 
biophysical data to assess risks of feed shortages in the near future. 

This is followed by a chapter on estimating livestock feed balances, in which 
animal nutritional requirements are considered in more detail in relation to feed 
quality as well as quantity. 

A chapter on the use of ecosystem simulation modelling to assess spatially 
extensive livestock systems integrates many of the approaches taken in previous 
examples while considering system dynamics and the effects of herbivory on 
vegetation and soils. 

The concluding chapter reviews state-of-the art methodology for assessing 
feed situations in grasslands and rangelands. 
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7.1 Introduction
Each year, the Food and Agriculture Organization of the United Nations (FAO) produces its 
flagship publication: The State of Food Insecurity in the World (most recently, FAO, 2010a; 
FAO, 2011a). While the topical emphasis varies from year to year, the central theme is 
about how many people in the world are under-nourished. This number is re-evaluated 
each year using a food balance sheet (FBS) approach.

For a broad group of crop and livestock commodities, national estimates of the food 
available for human consumption are made, along with the caloric content of each com-
modity. These data are used to calculate total availability of calories in the country. Given 
that different age and sex groups have different minimum caloric requirements, data on 
population structure are used to estimate the total caloric requirements for the entire pop-
ulation. Household survey data, typically used to measure poverty, are used to estimate the 
country−specific distribution of calories. Then, from the total calories available, total calo-
ries needed for a given population and the distribution of calories, the number of people 
who fall below the minimum energy requirement is estimated. This represents the number 
of undernourished people. 

A summary is provided below of how estimates are made of the food available for 
human consumption, both now and in the future. Two separate aspects of this analysis 
are then described, both of which point to the importance of accurate measurement and 
monitoring of livestock feed production: first, in the estimation of the supply and demand 
for the feed-crops themselves; and second, in the estimation of demand for livestock com-
modities and how this is expected to grow. 

7.2 Supply and demand for agricultural commodities,  
now and in the future
The approach taken to estimating the amount of food available for human consumption 
uses a Supply Utilization Account (SUA)5 framework, structured as follows:

5	 Supply utilization accounts are time series data dealing with statistics on supply (production, imports and 

stock changes) and utilization (exports, seed, feed, waste, industrial use, food, and other use) which are kept 

physically together to allow the matching of food production with food available for human consumption.
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	 Demand (total domestic use)
	 = food available for human consumption + industrial non-food uses + used as feed 

+ used as seed + waste (+ discrepancy)
	 = production + (imports - exports) + (opening stocks - closing stocks)

A base year is selected, in which, for each commodity and country, production, demand 
and net trade balances are estimated. For the base year, SUAs are driven by production 
estimates. Net trade, feed, seed, waste and industrial use are estimated and the food avail-
able for direct human consumption is the residual. A major component of data preparation 
work is unravelling the SUA element production for the base year into its constituent com-
ponents. The rather complex procedure is described in detail in Alexandratos (1995) but, 
very simply, crop production requires estimation of areas, cropping intensity and yields, and 
livestock production requires estimation of total stock, off-take rates and carcass weights 
(or yields per animal in the case of milk and eggs).

	 Crop production = area planted × cropping intensity × yield
	 Meat production = number of animals × off-take rate × carcass weight
	 Milk and egg production = number of animals × yield per animal

To make predictions about the future, food available for direct human consumption is 
projected in per capita terms using the base year data, a set of estimated food demand 
functions (Engel curves6) for each commodity in each country, and assumptions about the 
growth of per capita Gross Domestic Product (GDP). Estimates of economic performance 
are extended from the World Bank’s Global Economic Prospects 2006 (World Bank, 2006), 
which provides per capita GDP projections up to 2015 (Alexandratos et al., 2006). The total 
projected food demand is then obtained by multiplying the projected per capita levels with 
projected population figures, taken from the medium variant World Population Prospects 
2002 revision (UN, 2003), which projects the world population to grow from the 2000 level 
of 6.07 billion to 8.13 billion in 2030 and 8.92 billion in 2050. 

7.3 The importance of accurate assessments of feed for 
crop commodities
It was mentioned above that, in the base year, the food available for direct human con-
sumption is estimated as the residual, having accounted for net trade, and subtracted the 
quantity of each commodity use for feed, seed, waste and industrial use from its estimated 
production. It is clear, therefore, that the more precise the estimate of each crop commod-
ity that is destined to produce livestock feed, the more accurate will be the estimate of 
the food available for human consumption. To give some indication of how important the 
estimation of feed is, Table 7.1 provides some of the SUA data for some crops which make 
major contributions to feed resources in India.

Of the crops grown in India in 2000, pulses made the largest absolute contribution to 
feed production. However, this pattern is projected to change dramatically in the future. 
Projections suggest that by 2030 the production of feed will be dominated by maize: 70 
percent of that grown will be used for feed. Other cereal crops, such as wheat, are also pro-
jected to become much more important for the production of feed. Because the estimation 

6	 An Engel curve describes how household expenditure on a particular good or service varies with household 

income. 
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of the amount of food available for human consumption is heavily dependent on knowing 
how much of the overall production of these important staples will be used for feed, it is 
clear that measuring and monitoring feed production is critical for accurate assessment of 
the numbers of under-nourished people.

7.4 Demand growth for animal-source foods
Driven by urbanization, population growth and increasing wealth, the demand for ani-
mal-source foods in developing countries is growing rapidly (FAO, 2010b). Livestock is 
one of the fastest-growing sectors in agriculture, presenting potential opportunities for 
economic growth and poverty reduction in rural areas. But positive social outcomes of live-
stock sector growth may not be ubiquitous and, in some areas, there may be detrimental 
social effects as small-holders dependent on livestock for their livelihoods are squeezed 
out from the sector by competition from larger players who can benefit from economies 
of scale. Beyond possible social problems are environmental, and animal and public health 
issues that are likely to be associated with rapid, poorly regulated livestock sector growth. 
Understanding where growth in demand for livestock commodities is likely to occur, and 
where production will rise to meet this increasing demand, are therefore important for a 
number of reasons. One question relates to livestock feed: Where will the additional feed 
resources come from?

FAO’s most recent predictions on the supply and use of agricultural commodities extend 
previous projections from 2015/2030 (Bruinsma, 2003) to 2030/2050 (Alexandratos et al., 
2006). These new estimates have been used by Robinson and Pozzi (2011) to map chang-
ing demand for livestock products, and the associated changes in production that will be 

Table 7.1
Production, estimated feed use and percentage used as feed for selected crops in India 

2000 2030 2050

Prod Feed Prop Prod Feed Prop Prod Feed Prop

Pulses 13 020 1 125 8.6 14 616 1 600 10.9 14 413 2 000 13.9

Wheat 72 446 869 1.2 114 000 4 000 3.5 135 000 11 000 8.1

Raw sugar 34 092 829 2.4 56 289 1 200 2.1 68 140 1 800 2.6

Paddy rice 135 282 541 0.4 168 000 3 000 1.8 177 000 6 000 3.4

Maize 12 285 210 1.7 24 739 17 500 70.7 34 000 24 500 72.1

Millet 10 067 161 1.6 6 749 500 7.4 4 666 1 200 25.7

Barley 1 472 133 9.0 1 522 50 3.3 1 638 50 3.1

Sorghum 8 003 96 1.2 6 014 400 6.7 4 799 600 12.5

Veg. oil & 
oilseed 7 456 66 0.9 12 915 162 1.3 17 107 233 1.4

Note:
Prod = Production in thousands of tonnes
Feed = Estimated feed use in thousands of tonnes
Prop = Proportion in percentage
Source: data based on Alexandratos et al. (2006).
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required to meet that growth in demand. The approach taken is to map consumption of 
livestock commodities based on the distributions of rural and urban populations in the 
base year and at chosen dates in the future. For the base year (2000), the Global Rural 
Urban Mapping Project (GRUMP) population map was used (CIESIN et al., 2004) but was 
adjusted so that total number of people in each country matched those used by the FAO 
projections (based on UN, 2003). For the 2030 and 2050 projections, the adjusted GRUMP 
2000 maps were used, and the base year population figures were multiplied by a ‘growth’ 
factor, so that the total number of people in each country matched FAO’s projected figures. 
Urban and rural population totals for 2000, 2030 and 2050 were also estimated, based 
on the proportions of population living in urban areas from the United Nations’ World 
Urbanization Prospects (UN, 2008). Then, for each country, the urban and rural population 
distributions from GRUMP were adjusted to match the UN/FAO urban and rural totals in 
2000, and ‘grown’ separately to map future urban and rural populations. 

For each time period, the national food consumption for each commodity was distrib-
uted equally among the population of each country and expressed as consumption per 
square kilometre. Absolute changes in consumption were then estimated for each com-
modity by subtracting the map of consumption estimates for the base year (2000) from 
those for 2030 or 2050. Table 7.2 shows changes in consumption from 2000 to 2030 
for each commodity for the developing regions of the world. The results reflect changes 

Table 7.2
Growth in demand for livestock products from 2000 to 2030 

Region
Beef Milk Mutton Pork Poultry Eggs

Abs Prop Abs Prop Abs Prop Abs Prop Abs Prop Abs Prop

East Asia and 
Pacific 8 798 130 23 765 132 1 669 58 28 075 63 22 522 143 10 188 45

China 6 888 132 15 936 143 1 537 56 22 050 54 14 609 121 6 810 34

Eastern Europe 
and Central Asia 290 11 4 364 15 204 40 112 5 2 310 108 684 28

Latin America 
and Caribbean

7 302 58 39 818 72 239 54 4 405 100 14 434 126 3 246 78

Middle East and 
North Africa

1 929 112 17 913 111 1 287 103 9 52 6 296 243 1 799 148

South Asia 3 367 84 118 942 126 1 722 115 950 160 11 491 725 5 947 294

India 1 338 51 79 330 119 588 85 921 160 8 865 844 4 251 280

Sub-Saharan 
Africa

3 768 113 20 939 107 1 883 137 1 106 155 3 235 170 1 727 155

All Regions 25 454 81 225 741 97 7 004 88 34 656 66 60 287 170 23 590 70

High-Income 
Countries

2 441 15 31 312 31 275 33 2 935 22 12 414 65 1 911 24

Notes: 
‘Abs’ is the absolute increase in annual consumption from 2000 to 2030 in thousands of tonnes; ‘Prop’ is the increase expressed as a 
percentage of consumption in 2000.
The regions are defined according to the World Bank 2010 classification (World Bank, 2010).
Source: Adapted from Robinson and Pozzi (2011)
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both in population and in consumption patterns. The most striking factor is that growth 
in poultry consumption outstrips growth in all other animal-source foods in all regions of 
the world. By far the most dramatic change is the projected increase in demand for poultry 
meat in South Asia: a 725 percent increase overall. This is driven by growth in demand in 
India where a staggering 850 percent increase is projected over the 30-year period.

A closer look at projected growth in demand for poultry meat in India shows that the 
consumption of poultry meat is due to increase by 8 865 400 tonnes from 2000 to 2030. 
This raises important questions: Where will this additional meat come from? How will it be 
produced? And what resources will be required to produce it? The FAO projections do not 
anticipate this increase in demand to be met through imports, but through an increase in 
production. Furthermore, since the growth in demand will arise largely through increasing 
wealth and urbanization (Robinson and Pozzi, 2011), it is reasonable to assume that most 
of it will have to be met by a rapid intensification of the poultry sector. This in turn begs 
the questions: How much additional feed will that require? And how much land might be 
required to produce that?

A rough calculation of the feed requirements for this can be made as follows, under 
the broad assumption that chicken accounts for the vast majority of poultry meat in India. 
Based on a dressing percentage of 75 percent, and a feed conversion ratio (FCR) of 2.3 it 
was estimated that 27 187 227 tonnes ([8 865 400 ÷ 0.75] × 2.3) of additional feed would 
be required per year by 2030 compared with 2000.

The composition of broiler feed in India varies somewhat seasonally and with the price 
of ingredients; typical values are provided in Table 7.3, compiled from information provided 
in USDA (2004). Given the required weight of each ingredient, and their expected yields 
(year 2000 estimates from the FAO projections), the additional cropped area needed to 
provide each of those ingredients can then be estimated (Table 7.3).

This results in an estimated total additional cropped area of some 23.6 million hec-
tares; a land area approaching that of the United Kingdom (24.2 million hectares7). In 
reality, however, some of the projected increase in poultry meat consumption will be met 
through backyard, scavenging systems that do not require any additional land. It is also 
likely that, as demand grows, crops grown specifically for feed will be partially replaced 

Table 7.3
Feed composition for broiler chickens in India; crop production coefficients for the 
ingredients (see text for explanation and data sources) and estimates of production and 
cultivated area required to meet additional broiler chicken feed demand

Ingredient Proportion (%) Weight (tonnes) Yield (tonnes/ha) Area (ha)

Maize 55 14 952 975 1.8216 8 208 704

Rice 10 2 718 723 2.8507 953 704

Soybean 30 8 156 168 0.8222 9 919 932

Oilseed 5 1 359 361 0.2997 4 535 740

Total 100 27 187 227 23 618 079

Source: Robinson et al. (2012).

7 	 www.listofcountriesoftheworld.com.
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with by-products of the food industry. Other considerations are that feed or components 
thereof may be imported, and there will certainly be intensification in the production of 
the feed crops themselves. The 2000 estimates of corn yields used here are 1.81 tonnes 
per hectare, which is very low by most standards: 3.2 tonnes per hectare in Thailand, 4.4 
China and 8 in the United States, for example (USDA, 2004). There is clearly much scope 
for intensification of corn production but, in semi-arid India, significant increases in yield 
would require irrigation, posing further questions: Where will the water come from? What 
will be the effects of increased rainwater harvesting in terms both of local environmental 
functions and broader-scale effects on water resource availability?

While representing the upper limit of increased land requirements for feed produc-
tion to meet production targets for demand growth, this type of analysis shows that the 
required increases in the amount of land and water that will be needed to meet the grow-
ing demand for animal-source foods in the burgeoning cities of some parts of the world 
are likely to be immense. The land use changes required to meet these demands may 
considerably undermine ecosystems services not only locally, where these feed resources 
are produced, but on a global scale.

In this context, it would appear essential that global feed resources, particularly those 
destined to supply the rapidly growing, intensive production systems of the developing 
world, are carefully evaluated and monitored in order that appropriate policies are devel-
oped and implemented to ensure sustainable growth of the livestock sector. As manage-
ment consultant Peter Drucker famously once said: “If you can’t measure it, you can’t 
manage it.” Assessment of available feed resources will generate information on how 
much and when different feed resources are available, which will enable optimal policy 
and management decisions to be taken regarding the use of these resources. In addition, 
this information will enhance efficiency and profitability of the animal feed industry and 
assist researchers to formulate sustainable feeding strategies. Such efforts will, in turn, 
translate into enhanced food security. Furthermore, coping with emergency situations such 
as drought and floods will be facilitated by better information on the availability of feed 
resources. Spatial and temporal assessments of current and forecasted feed resources, 
including forages, will assist in disaster management and policy-making. Information on 
the availability and use of feed resources could also be used better to determine input-out-
put relations as has been done for estimation of edible protein output to protein input for 
various countries (Table 7.7 in FAO, 2011b). Results such as these could be made much 
more accurate if proper feed inventory systems are in place. The estimation of feed resourc-
es could also improve the accuracy of estimates of the environmental impacts of livestock, 
not only through land use transformations, as discussed above, but also in the estimation 
of greenhouse gas emissions associated with livestock production.
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8.1 Introduction
8.1.1 History
In Switzerland, the Statistics Division of the Swiss Farmers’ Union (“Schweizerisches 
Bauernsekretariat”) made efforts to prepare a feed inventory in 1911–1913. But annual 
inventories have been conducted on a regular basis only since 1933. In the years after 
1933, the inventory comprised three sections: the first specified energy needs and protein 
needs in starch units and digestible protein; the second determined the supply of domestic 
feedstuffs; and the third determined supply of imported feedstuffs. The feed inventory 
continued in this form until the 1970s.

A fundamental revision took place in the 1980s with the establishment of a national 
food plan for times of crisis. Revised time series were calculated back until 1976. Starch 
units were replaced by metabolizable energy for ruminants, and energy needs were cal-
culated by form (net energy of lactation, net energy of growth, etc.) for each livestock 
category.

The last revision was carried out in 2008 and 2009, leading to the current method for 
the Swiss Feed Balance, which is presented here. 

8.1.2 Purpose of the feed balance
The early use of feed inventories must be viewed against the background of World Wars 
I and II. Switzerland was twice encircled by belligerent countries and the supply of food 
was often difficult. Consequently, it was essential to make an inventory of available food 
resources and production systems in order to optimize agricultural production. During the 
Cold War, this aspect of provision remained important. Even now, it has kept its importance 
in the framework of the “National Economic Supply” (National Economic Supply, 2011), 
a governmental structure for the management of supply crises. Today, different scenarios 
of crisis leading to feed and/or food deficiency can be imagined: severe droughts leading 
to poor harvests and low water levels in the Rhine River that restrict importations of bulk 
freight (e.g. cereals, fuel) on the waterway from the North Sea, accidents in nuclear power 
plants or terrorist attacks and war-like events with great impact. The revisions in the 1980s 
continued to be based upon these considerations.

In the meantime, many new applications have been found for the feed balance, 
especially in relation to emerging environmental issues: production of greenhouse gases, 
nutrient balances and flows of biomasses. The Swiss Feed Balance also produces relevant 
data to assess the economic importance of feed production for animals within the national 
accounting system of the Federal Office of Statistics (Swiss Statistics, 2011). However, the 
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securing of the feed and food supply has kept its place and with regard to the 2007/2008 
food crisis even won some new importance. As a conclusion, the feed balance still provides 
important, basic information to policy-makers.

8.2 Methodology
The basic aim of the Swiss Food Balance is to evaluate the feed available for farm animals 
in Switzerland, i.e. the supply. Everything that can be eaten by livestock animals is includ-
ed as feedstuffs. In practice, the list of feedstuffs is limited mostly by hygienic reasons. In 
Switzerland, feedstuffs come from different sources. The greatest part is cultivated and 
harvested for this purpose (mostly forage and feed grain). Still, livestock use a multitude of 
products, most of which are by-products and offal from food processing. Some of these 
products serve as raw materials for the feed industry. The feed balance considers the feed-
ing components before transformation and mixing through the feed industry. Figure 8.1 
shows the flows of feedstuffs.

Domestic production Foreign trade

Food

processing by

the industry

Animal feed
Feed ingredients Food Other uses

By-products,
Offal

Figure 8.1
Flows of feedstuffs
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The feed balance calculates the feedstuffs which are available for livestock animals 
during one calendar year from 1 January to 31 December. In addition, the needs of the live-
stock animals are calculated on the basis of the results of a livestock census and compared 
with the available offer of feedstuffs. This serves as a quality check. Important differences 
between the results of the two statistics have to be checked for possible errors or inaccu-
racies. The formula for the calculation of available feedstuffs is the same for every product:

Available feedstuffs = Domestic production – Change of domestic stocks + 
Imported feedstuffs – Exported feedstuffs – Imported pet food – Change of 
imported stocks + By-products from imported raw materials

The feed balance has a fixed framework (products, categories of livestock animals, 
feeding values), which is only changed during revisions, and a variable component (quan-
tities, proportions for the distribution of the feedstuffs between animal categories), which 
is adapted to yearly changes. The product list and the hierarchical structure of the feed list 
has been established on the base of the Handbook for compiling supply balance sheets – 
animal feed: supply (EUROSTAT, 2002). The nomenclature has been expanded according to 
Swiss conditions. The feeds are grouped as follows:

Marketable feedstuffs:
•	 Feedstuffs of vegetable origin (e.g. barley)
•	 By-products of processing (e.g. sugar beet pulp)
Normally non-marketable feedstuffs:
•	 Feeding stuffs of animal origin
•	 Annual fodder (e.g. fodder beet)
•	 Perennial fodder crops (e.g. grass silage)
•	 Crop by-products (e.g. sugar beet leaves and tops)
•	 Other (e.g. offal)
The available quantity of each product is distributed among the different livestock cat-

egories, which are the same as those described in the EUROSTAT manual:
•	 Cattle (with cows as sub-group)
•	 Sheep and goats
•	 Pigs
•	 Poultry
•	 Other: equines, rabbits, deer (fallow or red deer)
For each product, the distribution key according to livestock categories has to be 

defined. First, forage (fresh grass, hay, grass silage) is distributed among forage-consuming 
animals. Products which are used completely for a certain livestock category are assigned. 
After that, other products are distributed according to information from the feed industry. 
At this point, a first check takes place: the quantities are compared with the needs for each 
livestock category. If necessary, the distribution is corrected. As soon as the quantities fit, 
the quantity of energy and protein distributed to each category is also compared with the 
needs. This check is not easy to interpret because the quality of forages can widely vary 
from one year to another.

The various feedstuffs have very different properties. An aggregation can only be made 
if a common denominator can be found. The most important measurement unit is there-
fore dry matter. Additionally, gross energy and crude protein are considered. Appropriate 
feeding values are used for each livestock category: 
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Cattle, sheep and goats
•	 Metabolizable energy for ruminants
•	 Net energy of lactation 
•	 Net energy of growth 
•	 Absorbable protein in the intestine
Pigs
•	 Digestible energy for pigs
•	 Crude protein
Poultry
•	 N-corrected metabolizable energy for poultry 
•	 Crude protein
Other
•	 Digestible energy for horses 
•	 Digestible protein for horses
The publications of the Swiss Agroscope Liebefeld-Posieux research station have been 

used as the source for feeding values. The feeding values are only changed within revi-
sions. The values are registered in a database and linked to the different products on the 
feedstuff list.

The annual data of the feed balance are compiled in a database. Foreign trade data are 
directly imported from the corresponding database. Other data have to be entered manu-
ally. An existing project that has developed a food balance database could also serve as a 
source for the by-products of food processing. In the meanwhile, those data must also be 
entered manually.

8.3 Sources for annual data
Foreign trade data (importation, exportation, pet food) come from the Swiss Federal 
Customs Administration. All products which are imported for feeding purposes and thus 
declared are considered. Exported feedstuffs and pet food have to be discounted from the 
resulting importations. The product list of the customs administration is more elaborate 
than the product list of the feed balance. Therefore, one product of the feed balance can 
match with multiple products of the foreign trade list.

Information for domestic production has several sources:
•	 The indications for feeds of vegetable origins come from production statistics (pulses), 

from the enterprise balance (potatoes, cereals) or estimations from SFU Statistics (oil 
seeds, processed forage).

•	 By-products of food processing: information from the industry or estimations from 
SFU Statistics. The milling industry has its own statistics for Switzerland which cover 
by-products. By-products of the brewing industry are estimated on the basis of the 
beer production as indicated by the brewing industry. The amount of sugar produced 
by the sugar manufacturing units provides information about the production of sugar 
beet pulp. The quantities of pomace (apples, pears) are surveyed by the Federal Office 
for Agriculture. The by-products of oil production are estimated on the basis of pro-
duction and appropriate rates of yield.
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•	 Feedstuffs of animal origin are almost completely prohibited in Switzerland. The 
quantity of milk products used for livestock is estimated on the basis of milk produc-
tion statistics elaborated by SFU Statistics together with the milk sector.

•	 Quantities of fodder beets are taken from production statistics and those of green 
and silage maize from forage statistic (SFU Statistics).

•	 Quantities of perennial fodder come from forage statistics (SFU Statistics). 
•	 Crop by-products (mostly stems and leaves of sugar beets) are estimated on the basis 

of production statistics. 
•	 Other feedstuffs (vegetables, fruits, offal) are estimated by SFU Statistics.
•	 Fodder maize and grassland forage production are estimated by SFU Statistics.
By-products from the food processing of imported raw materials are calculated using 

the same methods as used for calculating by-products derived from domestic raw materials 
(e.g. from vegetable crops, as above).

The final component is the change of stocks of domestic and imported feedstuffs. 
There is no systematic survey and SFU Statistics uses only the data of Réserve Suisse, the 
responsible organization. For domestic products, only the stocks of cereals, pulses and oil 
cakes are entered. For imported products, stocks of rice (broken), oil seeds and by-products 
of starch production are also entered.

It is not always easy to separate pet food from the feedstuffs for livestock. This is espe-
cially true for domestic production because no data are available. However, those quantities 
should not be very significant. 

8.4 Forage (roughage) calculation
Forage calculation is based on production statistics for fodder maize and grass (fresh, hay, 
silage, artificially dried) produced annually by SFU Statistics. The following terms are used 
for forage production:

•	 Gross yield = surface biomass
•	 Yield in the field = harvested yield – field losses 
•	 Net yield = yield in the field – losses due to conservation
The terms for utilization of forage are:
•	 Consumption of forage = net yield fed to livestock in the reported year
•	 Ingestion of forage = consumption of forage – feeding losses (wastage)
•	 Forage needs = quantity of forage necessary for covering maintenance, growth, pro-

duction and gestation of livestock animals
The following is the set of parameters that is used for estimating forage production 

(production approach):
•	 Altitude of the areas used for forage production and the corresponding production 

potential 
•	 Area used for forage production based on area data of SFU Statistics 
•	 Estimated yields based on surveys of SFU Statistics
•	 Dry matter content and quality of forage plants
•	 Meteorological conditions
Production is estimated for the calendar year according to the type of area as follows:

Production = area x annual yield/area unit
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Areas are classified according to the official production zones: plains, hills, mountains 
I-IV. The areas and the production zones come from SFU Statistics. The average yields are 
estimated from standard yields that are reported by SFU Statistics. The standard yields are 
then corrected for meteorological conditions, as determined in part from data collected in 
regular surveys. The estimated production of fresh matter is converted to dry matter.

In parallel, the quantity of forage is also estimated on the base of utilization (utilization 
approach). The corresponding factors of influence are:

•	 Duration of green fodder period
•	 Utilization of forage
•	 Dry matter intake of livestock animals
•	 Duration of pasture season in mountain regions (alps)
•	 Capacity for forage stocks (hay, silage)
•	 Losses in the field through conservation, during feeding
The utilization approach estimates forage consumption in a calendar year. This approach 

calculates consumption according to the type of forage. Maize is subdivided into green 
maize and maize silage. Grass is grouped according to utilization or conservation type: 
alpine pastures, other pastures, fresh grass (fed in the barn), artificially dried grass, hay 
(first and following cuts) and grass silage. Some of those products are further subdivided 
according to quality. 

While the production approach covers only domestic production, the utilization 
approach also considers imported forage. The difference between the production and uti-
lization approaches results in the quantity which must be imported or covered by stocks. 
For a period of several years, there has to be a balance between production and utilization, 
which takes the following form:

Forage balance of the actual year = yield in the field – losses from conservation + excess of forage of 

the preceding year – shortage of forage of the preceding year + excess of imported forage (almost 

no forage is exported) – forage consumption by livestock animals 

The result is often positive in good years and mostly negative in bad years is. A balance 
of inputs versus outputs should be obtained over a period of several years. Because the 
same grassland can be exploited several times a year, the assignment of conservation type 
is somewhat arbitrary and is controlled by calculated needs.

8.5 Estimation of needs 
“Estimated needs” is the check value on the estimated available quantity of feedstuffs. It 
incorporates effects of quantity and the quality of forage. It is especially useful in that it 
distributes available quantities according to livestock categories (Table 8.1). 

The needs of the livestock animals are calculated according to the feeding recommen-
dations of the research station Agroscope Liebefeld-Posieux. Some of those recommen-
dations are taken from the “Wirzkalender” (Agridea, 2011), a handbook for farmers. For 
every livestock category the needs for dry matter, energy and protein are estimated. Energy 
and protein needs are calculated in the appropriate unit for each livestock category. 

There is no single measurement unit that can be used for every livestock category. Units 
(number of animals, fattening days and so on) are particular to each kind of animal. 
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As already noted above, the delimitation of pet food is sometimes difficult. Official 
livestock statistics exclude the animals of pet owners and livestock owners with few ani-
mals and little cultivated area. Generally, pet animals are not imported but they have some 
weight in the categories of rabbits and equines. 

8.6 Calculation and publication 
SFU Statistics calculates the annual feed balance once a year. The provisional feed balance 
for year t is calculated at the end of year t + 1. If necessary, the feed balance for year t - 1 
is revised.

The results of the feed balance are published every year in Statistical censuses and esti-
mations in agriculture and nutrition (USP, 2009). The results are presented in three tables:

•	 Table1: Product list with the results of several years and quantities of fresh matter, dry 
matter, gross energy and crude protein.

Table 8.1
Measurement units for the estimation of the needs according to livestock categories

Livestock category Livestock unit Energy unit Protein unit

Cattle, maintenance and 
breeding

Number of cows and 
bulls

Net energy of lactation Absorbable protein in 
the intestine

Cattle, gestation Number of cows Net energy of lactation Absorbable protein in 
the intestine

Cattle, milk production Tonnes of fat corrected 
milk

Net energy of lactation Absorbable protein in 
the intestine

Cattle on alpine pastures Days of alpine pasture Net energy of lactation Absorbable protein in 
the intestine

Fattening calves Days of fattening Metabolizable energy Digestible protein

Other cattle Days of fattening/
growth

Net energy of growth/
lactation

Absorbable protein in 
the intestine

Sheep, breeding animals Number of breeding 
animals

Net energy of lactation Absorbable protein in 
the intestine

Sheep for fattening Days of fattening Net energy of growth Absorbable protein in 
the intestine

Goats, breeding animals Number of breeding 
animals

Net energy of lactation Absorbable protein in 
the intestine

Goats for fattening Days of fattening Net energy of lactation Absorbable protein in 
the intestine

Pigs, breeding animals Number of breeding 
animals

Digestible energy Crude protein

Pigs for fattening Number of fattening 
animals

Digestible energy Crude protein

Poultry Tonnes of feedstuffs Metabolizable energy Crude protein

Equines Number of animals Digestible energy Digestible protein

Rabbits Tonnes of feedstuffs Digestible energy Crude protein

Other ruminants Number of animals Net energy of growth Absorbable protein in 
the intestine
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•	 Table 2: Product list with the origin of the feedstuffs and quantities of fresh matter, 
dry matter, gross energy and crude protein for one year.

•	 Table 3: Utilization of the feedstuffs for several years according to livestock categories 
with dry matter and appropriate feeding values for each livestock category.

Estimated needs are no longer published. They serve exclusively as check values and as 
an aid in the process. 
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9.1 Introduction
9.1.1 Rationale
Numerous studies have shown that shortages of feed resources have been major constraints 
in improving livestock productivity in India. In spite of this, feed resource assessments have 
received little attention, which is evident from the fact that no public or private sector 
agency produces national or regional information on feed resources. Updated information 
on availabilities and requirements is important not only for short- and long-term planning 
but also for ensuring national food security. Over the years, there has been a continuous 
debate on the livestock feed situation in India and some researchers have made attempts to 
quantify animal feed resource availabilities and requirements (Sen and Ray, 1941; Mudgal 
and Pradhan, 1988; Sampath et al., 2005). All studies conducted so far have consistently 
shown that requirements exceed availabilities, and it is likely that the gap will further widen 
in the future. But these projections of deficits have to be viewed with a certain degree of 
circumspection and reservation. This is especially true given that milk, egg and meat pro-
ductivities in India have consistently increased over the last two decades. These increases 
could not have been solely due to increases in livestock numbers; improvements in overall 
feed availability have no doubt also been important. It is against this background that the 
National Institute of Animal Nutrition and Physiology in Bangalore undertook a systematic 
study to assess the availabilities and requirements for feed resources in different states of 
India.

A feed inventory of a particular area/region will provide information on the type of feed 
resources available and their quantities, which can then be compared with available live-
stock numbers to arrive at the status of the area/region in terms of whether feed availability 
is sufficient, in surplus or in deficit. This kind of information can be of enormous assistance 
for policy-makers, concerned government departments, NGOs and development agencies 
in formulating and implementing meaningful livestock development activities and tackling 
natural calamities such as drought and floods. For example, improving livestock production 
by improving the germplasm of animals and by improving veterinary care is only possible 
when there are adequate feed resources. This can only be known by carrying out assess-
ments of feed resources. Such assessments can also help livestock traders, feed companies 
and commerce ministries in making informed decisions with respect to the nature and 
quantities of commodities, the feed resources that could be traded locally, potential areas 
for feed markets, and the nature and the quantities of feed resources involved in imports 
and exports.
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9.2 Methodology
9.2.1 Inputs
There are basically three major inputs required for assessing feed resources and feed bal-
ance: i) feed resources from crop data; ii) green fodder from land classification data; and iii) 
feed requirement from livestock censuses. 

To arrive at the availability of feed resources from crops, it is necessary to know the 
harvest indices and extraction rates of different products and by-products from crop pro-
duction data. The harvest index is the ratio of tonnes of utilizable crop by-product to tonnes 
of primary crop harvested, for example tonnes of wheat straw per tonne of wheat grain. 
The extraction rate is the fraction of harvested primary crops used for feed, for example 
the tonnes of wheat grain used for feed to total tonnes harvested. Similarly, the average 
production potential of cultivated fodder, extent of land under fodder, average biomass 
production potential of other land categories must be known to arrive at total green avail-
ability. For those categories where information is lacking, efforts are made to consult with 
subject matter specialists and fill the gap by recording the true values. For assessing feed 
requirements, data is required from a livestock census that gives a detailed breakdown in 
terms of age groups and production functions (milk, meat, draught).

Generally, crop production and land utilization pattern data are published annually while 
the livestock census is carried out periodically. In India, the census takes place every five 
years and the annual figures can be arrived by simple calculations based on the latest census 
figures and the compounded annual growth rate for each category of livestock. The crop 
production data, land utilization data and livestock census data for a particular region for 
the same period must be matched to arrive at the status of feed resources availability. The 
structure of the program that integrates and processes the input data is show in Figure 9.1.

Figure 9.1
Flow chart for the database program
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Source: Ramachandra et al., 2007.
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Input 1 – Crop production data
Using the worksheet in Table 9.1, different feed resources – straws (crop residues), grains, 
bran, husk and oilcake (concentrate) – can be calculated from the production data of dif-
ferent crops. As an example, for every 100 tonnes of wheat grains produced, 100 tonnes 
of wheat straw would be produced (100 multiplied by the harvest index of 1.0), the propor-
tion of wheat grains used for feeding would be 2 tonnes (100 multiplied by the extraction 
rate of 0.02) and wheat bran availability would be 8 tonnes (100 multiplied by 0.08). Simi-
larly the availability of groundnut haulms and groundnut cake for every tonne of groundnut 
would be 2 tonnes of haulms (1 multiplied by 2.0) and 0.7 tonnes of groundnut cake (1 
multiplied by 0.70). The dry matter content of all the above feed resources is considered as 
90 percent except for sugarcane tops which are high in moisture and where it is assumed 
that the dry matter content would be 25 percent.

Table 9.1
Harvest indices* and extraction rates used in the calculation of feed resources from crop 
production data in India 

Crop production
Harvest index Extraction Rate

Crop residues Oilcakes Grains Bran/husk

Paddy 1.3 - 0.02 0.08

Wheat 1.0 - 0.02 0.08

Sorghum 2.5 - 0.05 -

Pearl millet 2.5 - 0.05 -

Barley 1.3 - 0.10 -

Maize 2.5 - 0.10 -

Finger millet 2.0 - 0.05 -

Small millets 2.5 - 0.10 -

Other cereals 2.0 - 0.10 -

Total Pulses 1.7 - - 0.03

Groundnut 2.0 0.70 - -

Sesamum indicum seeds - 0.70 - -

Rape & mustard - 0.70 - -

Linseed - 0.70 - -

Niger - 0.70 - -

Sunflower - 0.70 - -

Safflower - 0.70 - -

Soybean - 0.70 - -

Sugarcane 0.25 - - -

Coconut - 0.0625 - -

Cotton - 0.0499 - -

* Harvest index is the ratio of tonnes of utilizable crop by-product to tonnes of primary crop harvested.
Source: Ramachandra et al., 2007.
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Input 2 – Land utilization pattern
For assessing green fodder availability, the following factors which represent the average 
biomass production potential per unit hectare are extracted from the land classification 
data. Land utilization pattern data has the following categories – gross cropped area, forest 
area, permanent pastures, cultivable waste lands, current fallows, other fallows and area 
under miscellaneous tree crops from which green fodder is available for feeding livestock. 

In the case of areas under fodder cultivation, it is assumed that 4 percent of the gross 
cropped area is under fodder cultivation and the average fodder yield would be 40 tonnes/
hectare/year. Thus, multiplying 4 percent of the gross cropped area by 40 tonnes (0.04 
X 40) gives 1.6 tonnes/ha/year. In the case of forests, because it is assumed that only 50 
percent of the forests are available for fodder production and the average fodder yield is 
around 3 tonnes/ha/year, the factor of 1.5 tonnes/ha/year is used (0.5 X 3). For the remain-
ing categories, the calculation is straightforward and the different factors are presented 
in Table 9.2. The green yield is on a fresh basis and average dry matter content of green 
fodder is assumed to be 25 percent.

Input 3 – Livestock census
For calculating feed requirement, detailed livestock census data are required, including esti-
mates of age class distributions. A rough estimate of the quantitative adequacy is the first 
step and this can be done by assessing the requirements in terms of dry matter. Dry matter 
requirements of ruminants (cattle, buffalo, sheep and goats), equines and camels are cal-
culated on the basis of a standard adult cattle unit (ACU) of 350 kg body weight, utilizing 
the conversion factors for species and age class (Table 9.3). Assuming that a minimum dry 
matter intake of 2 percent of body weight would be sufficient, an ACU would require 7 kg 
(350 X 0.02) of dry matter per day. Accordingly, the total dry matter requirement can be 
calculated by converting the livestock numbers into ACUs. The feed balance can be derived 
by combining total potential feed availability with total requirements.

Table 9.2
Green fodder yields for land use classifications 

Land use category Green fodder (tonnes/ha/year)

Gross cropped area 1.6

Forests 1.5

Permanent pastures 5.0

Cultivable waste lands 1.0

Current fallows 1.0

Other fallows 1.0

Miscellaneous tree crops 1.0

Source: Ramachandra et al., 2007.
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9.2.2 Data integration
Once the data on crop production, harvest indices for various feed resources, land utili-
zation pattern and average biomass production potential of different land categories are 
available, it is possible to calculate the total potential feed availability in a region. Similarly 
the feed resource requirements for all livestock in a region can be calculated based upon 
the detailed species and age-specific census data. For each species and age class, nutrient 
requirements are calculated in terms of dry matter, protein and energy requirement for a 
given population. From the protein and energy requirements for different categories of 
livestock, the feed resources requirements in terms of green fodder, crop residues and 
concentrates can be deduced in relation to the prevailing feed practices. Feed availability 
and requirements are calculated using a program developed in Microsoft Access or Excel.

The complete stepwise approach for establishing a regional feed inventory is as follows:
1.	 Obtain the necessary data on total crop production for the region from the con-

cerned department or from agricultural statistics; usually the information is pub-
lished annually in the form of reports either in hardcopy or posted on the respective 
department web sites.

2.	 From the crop production data, list all the crops and their by-products that are used 
for feeding livestock.

3.	 Prepare a list for harvest indices and extraction rates, which are proportions of crop 
and crop by-products used for livestock feeding; for some resources, the informa-
tion may be missing and for those products the factors can be determined with the 
help of the experts from the concerned crop or processing sector. 

Table 9.3
Conversion factors for calculating adult cattle units (ACUs) 

Species Category Conversion factor

Buffalo >2.5 years 1.14

1.0–2.5 years 0.50

<1.0 year 0.17

Cattle >2.5 years 1.00

1.0–2.5 years 0.34

<1.0 year 0.11

Sheep/goat >1.0 year 0.10

<1.0 year 0.03

Equines >3.0 year 0.57

<3.0 year 0.33

Camels >4.0 year 1.00

<4.0 year 0.57

Source: Ramachandra et al., 2007.
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4.	 Because the feed resources originating from crops constitute the major feed 
resources, the list of crops and their extraction rates should be as exhaustive as 
possible to account for all resources (as shown in Table 9.1).

5.	 Potential available feed resources can be deduced from crop production data using 
harvest index and extraction rates.

6.	 Generally the dry matter content of crops and crop-based products is around 90 
percent and the same value can be used to determine total dry matter availability.

7.	 Additional information in terms of import/export of resources and alternate uses of 
resources if available should be accounted for to improve the precision of assess-
ment.

8.	 The proportion of cropped area used for fodder cultivation and the average pro-
duction of fodder should be known in order to estimate green fodder production. 

9.	 For green fodder production from categories other than cultivated fodders, the 
land utilization pattern should be known; the area of land under different cate-
gories must be multiplied by the average production potential of green fodder to 
establish total green production (as shown in Table 9.2). 

10.	The dry matter content of green varies and average dry matter content is assumed 
to be 25 percent to establish total available dry matter.

11.	Adding the total feed resources from crops and greens gives the total potential 
feed availability in a region.

12.	The requirements of feed for ruminants, equines and camels can be assessed by 
converting the different species and categories of animals into adult cattle units 
based on ACU conversion factors as indicated in Table 9.3.

13.	Total annual feed requirements can be calculated from the total ACU by multiply-
ing the total ACU by 365 (number of days in year) and 7 (assuming 2 percent dry 
matter intake [DMI] for an ACU weighing 350 kg body weight).

14.	Comparing the total feed availability with the requirement gives the status in terms 
of sufficiency, deficiency or surplus for that particular region.

15.	A region can be classified based on the dry matter availability and generally a dry 
matter availability of less than 2 percent can be considered as deficit, dry matter 
availability between 2 and 3 percent can be considered as adequate, and above 3 
percent can be considered as surplus.

The above approach is a simplified version in which only the quantitative feed-adequacy 
is determined for ruminants, equines and camels. The requirements of other species of live-
stock such as poultry, pigs, etc. can be added to total requirements and the feed balance 
can be derived. The approach provides a framework which can be expanded to include 
more details for assessing the quantitative feed adequacy for all species of livestock. 

Assessing the quantitative and qualitative feed requirements precisely requires detailed 
information with regard to the census (age and function classes [in milk, dry, draught, 
breeding, etc.]) and the nutrient requirements for age and function classes, average pro-
ductivities, average body weights, etc. After assessing the total nutrient requirements in 
terms of dry matter, protein and energy, the nutrient content of the available feed resources 
and prevailing feeding practices must be factored in to arrive at the feed balance. Some 
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basic knowledge of animal nutrition with regards to the nutrient requirements of livestock 
and nutrient profile of feed resources is essential for carrying out this exercise, or alternate-
ly, animal nutritionists can provide the data necessary to calculate the precise feed balance.

9.3 Updating the inventory
The tasks associated with maintaining and updating the inventory include updating chang-
es associated with crop production, land utilization pattern and the livestock census. While 
the data on crop production and land utilization pattern changes are available annually, the 
livestock census is carried out at periodic intervals and the annual figures can be calculated 
using the latest census data and the compounded annual growth rate. Further addition of 
newer feed resources (if any), changes in extraction rates of any of the by-products due to 
changes in processing, and changes in export/imports must be accounted for. A large num-
ber of agro-based by-products and species of livestock like aquaculture and pet animals 
have been left out in the assessment and these need to be included. Further, assessment 
and refinement is a continuous process and the information needs to be updated and 
refined as new information becomes available.

Finally, the precision of assessment can be judged by relating the total livestock numbers 
and livestock produce with total feed resources availability. This is based on the fact that if 
a particular number of livestock and quantity of livestock produce has been achieved, the 
feed resources for the maintenance requirements of that livestock and livestock produce 
must be accounted for. The closer the requirements for maintaining and producing live-
stock produce and availability in terms of total feed resources, the better is the accuracy. A 
large gap between availabilities and requirements indicates that there is scope for improv-
ing the assessment.
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10.1 Introduction
The Sahelo-Saharian region is characterized by vast grazing areas and high spatio-temporal 
rainfall variability. A large fraction of the human population subsists on extensive livestock 
systems characterized by extensive inter-seasonal movements linked to the availabilities of 
two natural resources – water and pasture. 

The expansiveness of the pastoral spaces, the difficult access to pastoral resources and 
the very low demographic density require a different mode of food security and population 
vulnerability monitoring from that in areas where livestock are sedentary. In this setting, GIS 
and remote-sensing data must be employed because they enable efficient monitoring of 
pastoral resources. Pastoral food security is dependent on livestock and thus the livestock 
feed balance in the region.

Over several years, ACF International (Action Contre la Faim), together with the 
national early warning systems in Mali and Niger, has developed a Pastoral Early Warning 
System consisting of GIS-based tools that assess pastoral population vulnerability. Recent 
improvements in the system make it possible to assess pastoral population vulnerability on 
a regional scale, contributing to early warning systems in Sahelo–Saharian pastoral areas. 

10.2 Inputs
10.2.1 General
The Pastoral Early Warning System developed by ACF has the potential to contribute to 
livestock feed inventories in the Sahelo-Saharian areas because it is specifically designed 
to monitor feed availability for pastoral livestock. The system makes extensive use of near 
real-time satellite imagery, ground data validation and livestock movement maps. Comput-
er-based tools produce user-friendly maps which enable quantitative, dynamically changing 
feed assessments. The system has proved to be quite efficient in recent years for identifying 
vulnerable situations for pastoralists, but there is still room for further improvements.

10.2.2 Remote-sensing data
The pastoral early warning system developed by ACF utilizes NDVI (Normalized Difference 
Vegetation Index) and DMP (Dry Matter Productivity) data products that are distributed 
by the Flemish Technologic Research Institute (VITO). These products are derived from the 
moderate-resolution VEGETATION sensors on the SPOT 4 and SPOT 5 satellites launched in 
1998 (Table 10.1). Daily imagery is produced on a global scale at 1 km x 1 km resolution. In 
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order to eliminate the cloud cover, a compositing operation is realized over a 10-day period 
giving decadal synthesis: three decades per months (1–10, 11–20, 21–end of concerned 
month) and 36 decades a year.

The algorithm details can be found on the following web pages:
-- http://web.vgt.vito.be/documents/BioPar/g2-BP-RP-BP053-ProductUserManu-

al-DMPV0-I1.00.pdf
-- http://www.vgt4africa.org/PublicDocuments/S10-NDVI-Product-Sheet.pdf

10.3 Methodology
10.3.1 General
The ACF’s system employs a GIS overlay approach that integrates spatial data which char-
acterize pastoral physical resources and livestock movements. The system assesses gross 
biomass production as well as the accessibility of the biomass in relationship to water 
availability and pastoral movements throughout the seasons (Figue 10.1). In the north 
Sahel, biomass is the primary variable which must be considered when quantifying feed 
availability, given that forage is directly derived from biomass.

Depending on the area and the season, water may or may not be available within a 
feasible proximity to the grazing areas. Cattle must move to access water at sufficient 
frequencies while also accessing pasture. Therefore, monitoring of water availability and 
livestock movements to pastures are both fundamental to an accurate feed inventory. Bio-
mass and water are integrated with additional variables such as livestock distributions and 
topography to produce assessments of forage availability.

10.3.2 Two-step process
Two basic steps are required in the feed inventory:

1.	Biomass monitoring
2.	Map overlaying

a.	Water maps
i.	 Surface water
ii.	Wells and boreholes

b.	Concentration areas mapping
c.	Livestock distribution maps
d.	Topography 

Table 10.1
SPOT-VEGETATION spectral bands

Bands Colour Wavelengths

B0 Blue 0.430–0.740 mm

B2 Red 0.610–0.680 mm

B3 Near Infra-Red (NIR) 0.780–0.890 mm

SWIR Short Wave Infra-Red (SWIR) 1.580–1.750 mm
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Figure 10.1
Integration of pasture, water and cattle distribution map data

Pasture Water
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10.3.3 Biomass monitoring and the BioGenerator Tool
In the north Sahelian context, the pasture growing season ends a few weeks after the end 
of the rainy season, occurring in autumn. After that, it is possible to determine the pasture 
balance of the area for the current year. A computer-based tool integrating satellite images 
has been developed by ACF called BioGenerator. This tool enables the calculation of avail-
able vegetation matter throughout the whole region at the end of the rainy season. The 
resulting outputs are the total dry matter production of the year, expressed as kg of dry 
matter per hectare, and the departure from the inter-annual average, called anomaly of dry 
matter production expressed in percentage.

The following is excerpted from an unpublished user manual written by E. Fillol.

Folder structure 
The folder structure of input and output data is shown in Figure 10.2a. The In folder con-
tains the input data while the Out folder receives output data.

Input data
VITO provides ACF-Spain with a specific decadal data product called DMP (Dry Matter 
Productivity). These data are automatically loaded onto the ACF-Spain server. Access to the 
data is through the following contacts:

-- Alejandro Canet Rodriguez : acanet@achesp.org 
-- Frédéric Ham : f.ham@achesp.org

The first step consists of loading the data via ftp protocol, unzipping the archives and 
copying them into the appropriate folder. Two fields are necessary to perform the process-
ing: DMP and NDVI (Table 10.2).

The unzipped DMP and NDVI files are copied respectively into folders Data/In/DMP/ 
and Data/In/NDVI/. The .img files are the image data in raw format and .hdr files are the 
header files.
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BioGenerator 2 (v2.1) can function if one or more decades are missing. In this case, 
a message identifying the missing decades will warn the user but the calculation will be 
processed. The value of missing decades will then be linearly interpolated. 

BioGenerator parameters 
The parameters that can be changed by the user include the following:

•	 Biomass anomaly spatial filter function parameters. These parameters are the size 
and the number of passes of this circular filter. The first number gives the number 

Figure 10.2a
Work Folder structure of BioGenerator 2 (v2.1)

Table 10.2
Zipped and Unzipped folder nomenclature and file size

Products Zipped archives Unzipped archives Destination folder Image file size .img 
[bytes]

DMP DMP_aaaammjj.zip
DMP_aaaammjj.img

DMP_aaaammjj.hdr
Data/In/DMP/ 56 925 660

NDVI NDVI_aaaammjj.zip
NDVI_aaaammjj.img

NDVI_aaaammjj.hdr
Data/In/NDVI/ 28 462 830
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of passes of the filter and the second gives the radius in pixels of the filter window. 
The filter can also be deactivated. This biomass anomaly map filtering quickly shows 
local anomaly variations.

•	 The integration period is defined by the first and last decades. The input values are 
the decade’s position between 1 and 36 (see Table 10.3). In the event that the last 
decade’s value is higher than the first decade’s value, the integration goes until the 
next year’s decade. For example, default values 7 and 6 mean the integration calculat-
ed for year x is done from decade 01/03 of year x until decade 21/02 of year x+1 (as 
in Table 10.3). The integration period must be equal to or higher than two decades.

These parameters are accessible by the user and can be modified. Otherwise, default 
values will be used along with the decade’s start date.

Program execution
The program is executed and an execution window opens showing the used parameters, the 
used decades and the number of years that are considered from this series (Figure 10.2b).

A counter shows the progress of the calculation in percent. Two calculation phases 
follow one another: the first phase is the calculation on the global sub-Saharan window. 
The second phase processes the output windows and sub-windows and performs output 
file writing. 

Depending on the number of decades, the processor and hard disk speed, the calcula-
tion can take two to three hours on a standard PC. The minimum required configuration 
mainly concerns the RAM available with a minimum of 1 GB and also disk space with a 
minimum of 3 GB per years considered.

Table 10.3
Matching between decade number and decade start date

Decade number Date Decade number Date Decade number Date

1 01/01 13 01/05 25 01/09

2 11/01 14 11/05 26 11/09

3 21/01 15 21/05 27 21/09

4 01/02 16 01/06 28 01/10

5 11/02 17 11/06 29 11/10

6 21/02 18 21/06 30 21/10

7 01/03 19 01/07 31 01/11

8 11/03 20 11/07 32 11/11

9 21/03 21 21/07 33 21/11

10 01/04 22 01/08 34 01/12

11 11/04 23 11/08 35 11/12

12 21/04 24 21/08 36 21/12
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Output data
BioGenerator produces biomass quantity, expressed in kg of dry matter per hectare [kg.
ha-1] for each year and also for the mean value of the calculation period. It also produces 
annual anomalies [percent] on 13 different geographic windows. The output data are in 
GEOTIFF (.tif) format in geographic coordinates Lat/Lon WGS-84 with a spatial resolution 
of 1 km. Table 10.4 shows the definitions of these geographic windows.

Biomass quantity
A file is produced for each geographic window and sub-window containing the biomass 
quantity produced for the year, and another file is produced containing the mean value 
for the entire time series. Biomass is expressed in kilograms of dry matter per hectare [kg.
ha-1]. Null productivity is reported in desert areas and water. The annual biomass quantity 
is calculated as the sum of daily productivity during the growing season [kg.ha-1.day-1]. The 
growing season can be defined by the user. By default, it starts with the first decade of 
March and ends with the last decade of February of the following year.

The data set for the current year’s growing season might be incomplete. If some dec-
ades are missing the biomass quantity calculation period is completed for the missing 
period using the observed average productivity. The biomass quantity map (Figure 10.3) 
for the current year (e.g. 2010) is an estimation of the total production dependent on the 
available decades.

Biomass anomaly
An output file is produced for each window and sub-window providing the biomass pro-
duction anomaly (Figure 10.4), which is the difference between the biomass productivity of 
the year and the mean value calculated for the whole time series. The anomaly is expressed 
in percent.

Figure 10.2b
BioGenerator 2 (v2.1) execution window
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Table 10.4
Coordinates of geographic windows and sizes of windows in pixels  
of BioGenerator 2 (v2.1) output data

Window Sub window Upper left Lower right Size 
(pixels´rows)

Sub-Saharan Sub-Saharan
-18.000E

27.375N

52.000E

-5.02678611N
7841 × 3630

West Africa

Ouest_Afrique
-18.000E

27.375N

16.000E

9.000N
3810 × 2060

Mali_Burkina
-12.500E

25.000N

5.5000E

9.000N
2018 × 1794

Niger
0.000E

24.000N

16.000E

11.000N
1794 × 1458

Senegal_Mauritanie_
Gambie_Guinée

-18.000E

27.375N

-4.500E

10.000N
1514 × 1948

Central Africa

Centre_Afrique
13.000E

24.000N

39.000E

2.000N
2914 × 2466

Soudan
21.000E

24.000N

39.000E

3.000N
2018 × 2354

Tchad_
RepCentreAfrique

13.000E

24.000N

28.000E

2.000N
1682 × 2466

East Africa

Est_Afrique
28.000E

18.000N

52.000E

-5.000N
2689 × 2578

Erythree_Ethiopie
32.000E

18.000N

48.000E

3.000N
1794 × 1682

Ouganda_Kenya
29.000E

5.000N

42.000E

-5.000N
1458 × 1122

Rwanda_Burundi
28.000E

-1.000N

31.000E

-5.000N
338 × 450

Somalie
40.000E

12.000N

52.000E

-2.000N
1345 × 1570

For the current year, the anomaly is calculated using the available decades from the 
start of the growing period (start decade chosen by the user). To obtain significant anomaly 
values, the calculation only starts when a minimum of 15 percent of the mean productivity 
has already been produced. Otherwise, the pixel is given a flag value of 251 which means 
the growing period is not advanced enough to give significant and reliable anomaly values.

Overlay process
As stated earlier, biomass production monitoring is essential but not sufficient to obtain 
a proper feed inventory. Accessibility to forage, distance from water points and livestock 
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Figure 10.4
Biomass anomaly map (percent) of 2010 calculated at the end of July 
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Figure 10.3
Biomass map [kg.ha-1] in 2010 calculated in July 2010 
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behaviour are additional factors which must be considered. As shown in Figure 10.5, it is 
possible to achieve higher levels of accuracy by adding layers and improving the quality of 
each of these.

Surface water monitoring
The Hydrogenerator, developed between 2009 and 2010 by ACF, considers surface water 
bodies and their evolution throughout the year. The tool realizes a decadal sum of detect-
ed cells and represents a cumulative surface water detection map for the period between 
2000 and today. For one given year, the tool also products a surface water accessibility 
map which helps to characterize the zones considering the water residence time and their 
influence on a 30 km buffer ring around the detected cells.

This tool is available, but needs some additional ground truth work to be validated. 
Other tools and systems are also in development and could complement ACF systems (see 
References for existing studies).

Wells and boreholes database
Mapping out boreholes and wells can greatly complement the surface water monitoring 
process. Given that some areas rely heavily on surface water for livestock needs, some oth-
ers are more dependent on underground water availability. An updated database available 
can assist in distinguishing areas that can be used for livestock feed.

Figure 10.5
Feed balance diagram

Ground survey
Biomass validation
and/or calibration

Load capacity

Feed balance

Biomass (kg/ha)

VI time series

VI Anomalies (%)

Livestock census

Land Cover map
Vegetation species

Production map/soil map
Available / Usable

forage (kg/ha)

Accessible forage
(kg/ha)

Accessible forage
anomalies (%)

Available forage
anomalies (%)

Max load
capacity

Topology (slope)
Water accessibility

Infrastructures

LEVEL 1

LEVEL 2

LEVEL 3

LEVEL 4



Conducting national feed assessments92

Concentration area mapping
Pastoral movements and concentration areas may largely vary considering the available 
resources. However, “usual” movements can be determined and compared with the effec-
tive movements of the considered year in order to obtain a better understanding of the 
possible adaptive strategies of breeders and also to be able to anticipate the difficulties 
people could face some time later. Analysing these patterns is important in the framework 
of feed inventory updating.

Topography
In hilly areas, some forage areas are not accessible and should not be taken into the feed 
inventory calculation. Overlaying a Digital Elevation Model can eliminate forage that is 
inaccessible to livestock from the feed inventory calculation.

Livestock census
A reliable livestock census plays an important role in the calculation of livestock feed bal-
ance as shown in Figure 10.5.

10.4 Updating the inventory
Every year, at the end of the rainy season, the feed inventory is updated, combining bio-
mass and surface water maps as well as other data layers. Ongoing monitoring of cattle 
movements, concentration areas and livestock numbers is useful for identifying potentially 
vulnerable areas. All these elements comprise the basis for a basic feed inventory, but addi-
tional data and information would be useful to produce a fully reliable feed inventory, as 
shown in Figure 10.5. Higher levels of accuracy will be attained by utilizing additional data, 
provided they are available.

ACF International intends to further develop the system and distribute it to other 
countries in West Africa as well as East Africa. Improvements could lead, in time, to the 
development of an African pastoral vulnerability model. 
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11.1 Introduction
A significant proportion of the Southern African population is dependent on livestock as a 
source of revenue and food, and most Southern African livestock rely exclusively on range-
land for fodder. Therefore, the monitoring of rangeland is an essential factor in assessing 
food security. In addition, because of the high spatial and temporal variability of vegetation 
growth in most parts of the region, it is essential to monitor rangeland vegetation at regular 
intervals during the growing season over large areas in order to provide real-time estimates 
of vegetation conditions. Remotely-sensed data is therefore particularly relevant.

Within the context of setting up a national feed assessment for rangeland vegetation, 
several approaches can be implemented which can complement each other. Ideally, this 
would form a series of steps with increasing degrees of precision in terms of available fod-
der quantity and quality estimates. Within the scope of this case study, this process can be 
undertaken in two separate steps:

•	 The initial step is the provision of satellite-derived data products of vegetation con-
ditions over an entire country on a regular basis. This is presented in Step 1 below. 
The advantage of this approach is that it requires little or no calibration data and 
can provide regular estimates throughout a growing season. This approach has been 
applied in several Southern African countries and is now being applied operationally 
for the whole of Africa.

•	 A second step involves a more quantitative approach to estimate net primary pro-
duction from the integration of field measurements with satellite imagery. These 
estimates can be linked to fodder availability. This approach is presented in Step 2 
below. Although the example is for the Etosha National Park in Namibia, the method 
could be applied over a whole country.

•	 In a third step, not detailed here, national estimates could be derived by developing 
estimates for individual land use/cover types, such as agro-ecological/farming sys-
tems. These estimates could then be applied to a national land use/cover map. Land 
use/cover maps would normally be derived from remote-sensing data, or provided by 
government agencies. 
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11.2 Step 1: Real-time rangeland monitoring with National 
Oceanic and Atmospheric Administration - Advanced  
Very High Resolution Radiometer (NOAA-AVHRR)
11.2.1 Introduction
Namibia is a dry semi-arid country located in southwestern Africa with a total area of 
825 000 km2. The population is just over two million but is increasing rapidly. Most of the 
country’s climate is arid to semi-arid with a mean annual rainfall varying between almost 
0 mm on the coastal desert up to 600 mm in the northeast. The rainfall is highly variable, 
both spatially and temporally. Only 1 percent of the country’s land is fit for agriculture, 
although population pressure is forcing increases in agriculture into less suitable areas. The 
rest of the land is mostly occupied by rangeland and desert. The country’s largest source of 
income after mining is cattle.

In the past two decades, the country has been hit by a number of droughts and the 
combination of low rainfall years and an increase in the animal population have led to over-
grazing and ultimately land degradation in the most affected areas. However, it is difficult 
to say whether the situation has become irreversible or whether it will improve as soon as 
the rains return to normal. This situation has led government and donor agencies to seek 
better ways to monitor the current rangeland vegetation conditions in order to make better 
management decisions. 

Previous studies (Hutchinson, 1991; Lambin et al., 1993), have shown the advantage of 
satellite remote sensing, particularly NOAA-AVHRR, for the monitoring of vegetation condi-
tions compared with methods based on rainfall data interpolation. In the case of Namibia, 
the available network of rain gauges is not sufficient to allow a reliable interpolation of spa-
tial variation in annual rainfall over the whole country. The most widely used satellite-de-
rived indicator of vegetation activity is the NDVI (Normalized Difference Vegetation Index). 

There is a need to compare the current NDVI with historical data in order to assess 
whether vegetation conditions are better or poorer than usual and in the latter case to 
know if conditions are sufficiently extreme to adversely affect livestock and crops. Major 
international initiatives (USAID-FEWS8, FAO) were set up to develop operational early 
warning systems which compare current NDVI images with the previous 10-day period or 
with the mean image for the 10-day period being considered (e.g. first 10 days of June 
for all years of data) (Hutchinson, 1991; Lambin et al., 1993). The latter method assumes 
the annual variation of the NDVI for a location and a given 10-day period to follow a 
Gaussian distribution. This assumption is unreasonable because the lower limit of the NDVI 
is truncated by the response for bare soil. An improved method developed and tested by 
Sannier et al. (1998) in Namibia and Zambia, estimates the statistical distribution from the 
NDVI time-series by applying techniques commonly used in hydrology for the prediction of 
extreme events and defines a Vegetation Productivity Indicator (VPI). This section describes 
how this methodology was developed and adapted for the Namibia Early Warning System 
(EWS) at the Department of Meteorological Services and the Ministry of Agriculture of 
Namibia through the Northern Namibia Environmental Project.

8	 Famine Early Warning System
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11.2.2 Implementation of real-time vegetation monitoring in Namibia
Real-time vegetation monitoring with satellite imagery is only possible if reliable local 
reception of satellite data is available. Over the last decade, the LARST (Local Application 
of Remote Sensing Technology) consortium led by the Natural Resources Institute (NRI) has 
developed low-cost satellite receivers capable of acquiring NOAA-HRPT (High Resolution 
Picture Transmission) data. The system comprises an antenna and a receiver connected to a 
PC with the appropriate capture card and software. One such system was installed at the 
Etosha Ecological Institute in Okaukuejo where NOAA-AVHRR data are acquired and used 
for production of NDVI images on a daily basis.

The ARTEMIS9 NDVI archive that was used previously covered the 1981–91 period. 
There was a need to extend this period to improve the implementation of the VPI method. 
The NASA-GSFC (National Aeronautics and Space Administration - Goddard Space Flight 
Centre) Pathfinder AVHRR Land (PAL) data set was available up to September 1994. Addi-
tional data were also available on the ADDS (Africa Data Dissemination Services) internet 
site of the USGS which were processed the same way as the ARTEMIS data for the period 
starting August 1995 up to present (the data are being continuously updated). The com-
bined data set covers a 15-year period.

The ARTEMIS and PAL archives were compared by Sannier et al. (1998) in the overlap 
period and showed that although there was a strong relationship between ARTEMIS and 
PAL NDVI values, they were significantly different. However, the PAL archive NDVI values for 
the 1991-94 period were matched to the ARTEMIS values using a regression relationship. 
Comparison of the ADDS data with ARTEMIS values over stable targets such as deserts 
showed that the values were directly compatible with ARTEMIS. An 18-year time series 
of 10-day maximum value composite NDVI images for Namibia and its surroundings was 
extracted from the various data sources identified in Table 11.1.

The ISODATA algorithm (ERDAS, 1995) was used to perform several unsupervised 
maximum likelihood classifications on the thirty-six 18-year mean 10-day images, varying 
clustering parameters and the number of classes. Cloudy pixels were eliminated in the 
calculation of the 18-year averages. Finally, a 14-class classification was selected to stratify 
the study area for the VPI method. The NDVI statistical distribution for each 10-day period 
and each stratum was determined using the method described by Sannier (1998). This 
was to determine the NDVI values corresponding to quintile probability thresholds used to 
define five vegetation status classes (very low, low, average, high and very high) in each 
stratum as shown in Figure 11.1. Figure 11.2 shows these thresholds plotted against time 
for two locations.

11.2.3 Development of outputs
The methodology was commissioned in the Ministry of Agriculture and the Ministry of 
Environment and Tourism and a workshop was held in Windhoek to discuss the format 
and dissemination pathways for outputs including maps, graphs and tabulated statistics. A 
map for reporting at ministerial level during the rainy season was identified. This consisted 
of the maximum VPI value obtained from three 10-day periods, was simple to implement 
and was thought to further remove cloudy pixels. An example of a monthly VPI map is 
shown in Figure 11.1.

9	 Advanced Research & Technology for Embedded Intelligence and Systems.
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The VPI maps show the spatial distribution of rangeland vegetation conditions for the 
whole of Namibia at a particular moment in time. It was also considered important to 
monitor vegetation condition at a single location over time by plotting the current NDVI 
on the vegetation status profiles such as the one shown in Figure 11.2. This supplements 
the information from the maps and assists the production of seasonal forecasts. Macros 
were developed to enable timely production of these plots for six main locations in the 
country (Gaborone, Kasane, Francistown, Maun, Guanzi and Tsabong). In the Kalahari 
(Figure 11.2a) the vegetation response was both exceptionally early and exceptionally high 
whereas in Mashare (Figure 11.2b) the growing season was two months later than usual 
and was still low at the time of the last image plotted. DMS and Ministry of Agriculture staff 
were shown these methods and were trained to produce similar graphs.

Table 11.1
Data sources for the 18-year Namibia data set

Time Period Data Source

1st 10-day period August 1981 to 3rd 10-day period June 1991 FAO-ARTEMIS

1st 10-day period July 1991 to third 10-day period July 1994 NASA/GSFC PAL

1st 10-day period July 1995 to third 10-day period June 1997 USGS/FEWS/ADDS

Figure 11.1
VPI map of Namibia for October 1999

No Data

Atlantic Ocean

Coastal Region & Pans

Gravel plains

Very low

Low

Average

High

Very High

0 500 1 000 2 000 km



99Development and application of Earth observation-based rangeland monitoring techniques in Namibia

There was also a need for a simple output to indicate conditions at the level of agricul-
tural districts. The number of pixels below average conditions for each district was imported 
into a pre-formatted spreadsheet to produce a graph (Figure 11.3) of the percentage of 
each district suffering from potential drought conditions. This information contributes to 
the rapid identification of districts with problems.

Figure 11.2
Evolution of vegetation conditions 

(a) in Kalahari and (b) in Mashare, Namibia, during the 1998-99 season
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11.2.4 Dissemination and field checking of outputs
Workshops and training seminars were held with Ministry of Agriculture and Ministry of 
Environment and Tourism staff. Presentations and interpretations of the VPI maps were 
given to the members of the Namibia EWS to raise awareness of the new information 
described above and to provide training in its use. This is an ongoing process that will be 
expanded to include users at a district level, in order to increase the use and impact of the 
products. The VPI maps and associated products have also been distributed to a wide range 
of general users in Namibia through 10-day and monthly agro-meteorology bulletins pro-
duced by the Ministry of Agriculture. The VPI maps are used to monitor potential drought 
conditions and to provide a visual summary of the current status of Namibia’s rangelands. 

National drought assessment tours are conducted by multidisciplinary teams at least 
twice a year to assess drought conditions on the ground. The VPI maps can be used to 
target visits to worst-hit areas and to assess the spatial extent of conditions that are iden-
tified in the field.

11.2.5 Conclusions
The implementation of the VPI methodology in Namibia seems to have worked extremely 
well and VPI maps are now being produced operationally and can be distributed to the 
relevant authorities. Initial field checking by NNEP staff also showed that VPI products were 
effectively picking up variations in vegetation development compared with the norm. The 
use of the VPI maps for drought monitoring has made a significant contribution to the 
identification of drought severity, the spatial extent of the area affected, and the drought 
relief measures to be introduced. VPI maps are now being used by range managers in 
Namibia as a monitoring tool.

Figure 11.3
Proportion of agricultural districts of Namibia below average in March 1999
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11.3 Step 2: Combination of field data and satellite 
observation for near real-time monitoring of 
rangeland vegetation in Etosha National Park
One of the key biophysical variables that is measured in assessments of rangeland vege-
tation conditions is biomass production or net primary production. Biomass observations 
can be collected in the field, but field methods are only suitable to cover a small area 
and are too costly and time consuming for real-time monitoring over large areas. On the 
other hand, satellite imagery can cover large areas on a daily basis using low spatial reso-
lution satellite imagery. However, satellite imagery on its own can only provide qualitative 
estimates of biomass. Quantitative estimates derived from satellite imagery can only be 
achieved if images are calibrated with appropriate field observations. 

This section presents a methodology relying on the combination of medium to low spa-
tial resolution satellite imagery and detailed representative field observations of biomass. 
The objective is the provision of near real-time maps of biomass estimates.

The methodology was developed in the Etosha National Park in the northern part of 
Namibia. Etosha covers an area of approximately 23 000 km². The climate is semi-arid with 
a rainfall gradient varying from about 450 mm in the east to 300 mm in the west (Le Roux 
et al., 1988). The main feature of the Park is the Etosha pan, a saline desert covering an 
area of approximately 5,000 km2. Very little or no vegetation grows on the pan, which is 
sometimes covered with a thin water layer during the rainy season.

The work was carried out in four separate stages: rapid measurements of plant biomass, 
selection of biomass sites, site sampling strategy and processing of satellite observations. 
These stages are summarized below, but a more detailed discussion of the methodology is 
presented by Sannier et al. (2002).

11.3.1 Rapid measurement of plant biomass
Rapidity is required primarily for economic reasons (more observations can be collected 
with the same resources). A second reason is that vegetation growth is limited by rainfall, it 
develops very rapidly following rainfall events, and it is also consumed rapidly by livestock. 
Because the intention was to make the biomass observations coincide with satellite image-
ry, it was essential to derive field biomass estimates as close to the image acquisition date 
as possible. To estimate the total green biomass per unit area, it was necessary to calculate 
contributions from herbaceous and woody components at the scale of the pixels. This was 
done using a statistical estimator based on sample observations.

Herbaceous Biomass
The use of a rising plate or disc pasture meter (DPM) for estimating grass biomass in 
Australian pastures was first described by Mitchell (1982). It has the advantage of being 
objective, rapid and easy to operate and was adopted for herbaceous biomass assessment 
in this work. However, judgement is required when making measurements on stony ground 
to avoid false readings.

Previous work in Etosha by Kannenberg (1995) produced a calibration curve in using 
the same calibration procedure as Trollope and Potgieter (1986). The curve includes points 
from a wide range of locations and the single curve seems to be generally applicable 
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for all Etosha grasses. The linear model for the regression produced a high coefficient of 
determination (r2) but the scatter of points for biomass below 2000 kg/ha seems to deviate 
systematically below the regression line with a risk of overestimating biomass below this 
threshold. An alternative logarithmic model shown in Figure 11.4, and proposed for this 
work, is an improvement and has a higher r2.

Woody plant biomass
Green biomass estimation of woody plants is usually estimated by using a regression rela-
tionship between dry matter weight obtained from direct harvest and a plant morphologi-
cal variable such as height, stem diameter or crown diameter (Pieper, 1988). The dominant 
woody species in Etosha, accounting for about 85 percent of the shrubs and trees in the 
savanna, is mopane (Colophospermum mopane) which occurs in both forms. Data relating 
the branch diameter of mopane to leaf biomass was available from previous work at the 
Etosha Ecological Institute (Du Plessis, 1995). This was used to create a rapid field technique 
to estimate the biomass of mopane trees and shrubs. Table 11.2 shows the average leaf 
biomass of mopane for stems and branches in different size categories. The leaf biomass of 
a randomly selected sample of 80 mopane trees and shrubs was estimated in the field by 
counting the number of primary stems in each of the size categories and using the average 
leaf weights from the table. The height of the plant and its crown diameter in two perpen-
dicular directions was also recorded. The estimated dry leaf weight was best correlated to 
the volume of the plant calculated as a cylinder with diameter equal to the average crown 
size and height equal to the estimated tree height as shown in Figure 11.5.

Figure 11.4
Estimation of grass biomass with the Disc Pasture Meter
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Table 11.2
Average leaf weight of mopane stems in full leaf, in different size ranges

Stem Diameter class (cm) Average leaf dry weight (g) Standard Error (g)

0 to 0.5 1.6 0.1

0.5 to 1 6.9 0.4

1 to 2 28.3 1.8

2 to 3 84.8 8.2

3 to 4 171.2 11.3

4 to 5 239.7 26.4

5 to 6 387.2 81.3

6 to 7

7 to 8 785.2 83.6

8 to 10 1240.7 209.6

10 to 12 1595.0 223.9

12 to 14 1714.8 190.3

14 to 16 2683.0 216.6

21 to 28 2883.2 774.0

Figure 11.5
Calibration of shrub and tree green biomass with crown volume
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The dominant shrub in Etosha steppe areas is leucosphaera (Leucosphaera bainesii), 
accounting for around 80 percent of steppe shrubs. Unlike mopane, no previous work on 
the assessment of plant biomass had been done on leucosphaera. Seventy-two plants were 
randomly selected in the field; height and perpendicular crown diameters were measured, 
then the plants were harvested. Total dry plant weight was determined following standard 
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oven drying. The total dry plant weight was considered more appropriate to use because 
the plants almost completely disappear during the dry season, therefore any plant material 
above the ground was considered new material. The best relationship between dry plant 
biomass and plant dimensions was found using crown area and is shown in Figure 11.6. 
Unlike mopane, plant volume was not the best correlate to biomass because leucosphaera 
is a smaller plant which develops itself horizontally rather than vertically. 

11.3.2 Selection of biomass sites 
The criteria for selecting calibration sites were that they: 

•	 be of sufficient size and internally homogeneous to reduce the effects of errors in 
co-location of the ground with satellite observations; 

•	 be accessible; and 
•	 reflect the range of biomass levels in the Park. 
Sites were chosen to reflect the variation of the predominant grass, steppe and savanna 

types in the Park. 
The formula derived by Justice and Townshend (1981) gives a guideline for the min-

imum size, a, of a sampling unit in relation to the geometric accuracy: )21( lpa +=
where p is pixel dimensions in distance units and l the geometric accuracy in number of 
pixels. For example, a 1.1 km pixel size for NOAA-AVHRR and a geometric accuracy of 0.5 
km pixel should result in a sampling unit of 2.2 km on each side. Generally, it is not feasible 
to have calibration sites large enough to meet this ideal and in past studies smaller sites 
have been used. We initially selected candidate homogeneous locations, several square 
km in size by photo-interpretation of geometrically corrected false colour composites from 
Landsat TM imagery. By selecting a 1 km2 site in the middle of a larger homogeneous 
area, we expected to minimize the effects of geometric correction errors. This is because 

Figure 11.6
Calibration of dwarf shrubs with plant crown area
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variation of biomass in the immediate surrounding area was unlikely to be great and also 
because surrounding pixels would not be mixtures of other vegetation types. Field checking 
with geo-coded enlargements of the TM imagery verified the homogeneity of the selected 
sites. A total of 11 sites were selected as shown in Figure 11.7.

11.3.3 Site sampling strategy
Biomass sampling was carried out along a 1 km transect through the centre of the 1 km2 

sample site. Because of our previous selection procedure, it was assumed that the site is 
isotropic and homogeneous so that average biomass along the transect represents the 
average for the whole of the 1 km square area. The sampling scheme for herbaceous 
vegetation is shown in Figure 11.8. DPM measurements were made at ten equally spaced 
locations along the transect. Navigation was assisted by a Landsat TM enhanced geo-coded 
image hardcopy and a handheld GPS. Five clustered DPM readings were taken on each side 
of the transect. This resulted in a total of 100 DPM measurements per site which is the 
value suggested by Trollope and Potgieter (1986).

The woody plant biomass per unit area is the product of the biomass per plant and the 
number of plants per unit area. The number of plants per unit area is estimated by dividing 
proportion of plant cover (canopy area/unit ground area) by the canopy area per plant. The 
crown to gap method (Westfall and Panagos, 1984; Walker et al., 1988) is a very fast and 

Figure 11.7
Selection of survey sites
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unbiased method for estimating the percentage canopy cover of woody vegetation (trees, 
shrubs, dwarf shrubs, etc.) over relatively large areas from ground observations or surro-
gates such as photographs and was selected for this study. Two adjacent plants approx-
imately the same distance from the observer were selected. The ratio φ , the distance 
between their crowns (G) to the diameter of the crown of one of them (K) in Equation 1

			 
K
G

=φ 		 (1) 

can be estimated by eye or by a transparency gauge (Westfall and Panagos 1984) or 
measured on photographs. The average ratio φ , for at least 25 pairs of plants is used in 
Equation 2, described by Walker et al. (1988) to estimate the percentage covered by the 
crowns, C: 

			   ( ) 








+
= 21

1
32

100
φ

πC 		  (2)

The sampling of woody vegetation was done on the same 10 locations along the tran-
sect as shown in Figure 11.8. A plant was randomly selected on each side of the transect 
by walking 20 paces perpendicular to the transect using the vehicle as a reference. Then the 
closest plant was selected to take plant measurements. The reference plant was also used 
to perform the canopy to gap procedure as shown in Figure 11.8 by choosing five other 
plants closest to it and evaluating visually the canopy to gap ratio between the reference 
plant and each of the five other plants measurement. 

Figure 11.8
Sampling strategy for biomass measurements
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The whole procedure was repeated on the other side of the transect. In total, for each 
site, 100 DPM measurements, 100 canopy-to-gap ratio estimations and 20 plant dimen-
sions were taken. 

11.3.4 Determination of site total green biomass
The estimation of herbaceous biomass per site is simple because DPM measurements are 
directly related to biomass per unit area. DPM readings were recorded in a spreadsheet. 
Each cluster of five DPM readings (Figure 11.5) was averaged. This was to create obser-
vations comparable with the original calibration procedure. The calibration equation was 
applied to the averaged value resulting in 20 grass biomass value per site. The overall 
biomass of the site was calculated by taking the mean of the 20 biomass values. The same 
method was used in woody vegetation sites without taking into account the woody cover 
because grass also often grew under the trees and shrubs and a reading of zero was record-
ed when the DPM fell on a shrub.

The estimation of woody biomass includes several parameters and the process of aver-
aging was carefully considered because of non-linearity. Each location along and on each 
side of the transect was treated individually. This was to take into account all of the vari-
ations within the site and the non-linearity of the canopy to gap ratio method. A biomass 
value was calculated for each of the 20 sampled plants associated with five measurements 
of density (canopy to gap ratio). These five estimates of density were averaged to estab-
lish the density at each plant location. The density combined with the plant area gives 
the number of plants per unit area. The number of plants per unit area multiplied by the 
plant weight gives the biomass corresponding to the plant and density considered. Twenty 
plants and five measurements of density per plant resulted in 100 observations of biomass 
per site. The estimate of biomass for the whole site was the arithmetic mean of these 100 
biomass observations plus the grass biomass.

Biomass per plant, P, in kilogrammes is determined by the relationship between plant 
dimensions and biomass defined earlier. The density cover, C, is determined according to 
equation (2). The number of plants per hectare, N, is:

			   C
A

N ⋅=
10000

			
(3) 

Finally, the total woody biomass per hectare and plant, Wi, is equal to:

			   NPW ⋅= 			   (4) 

In the case of leucosphaera, the calculation of biomass is simplified because the crown 
area is used in both the calculation of P and N which are cancelled out. Therefore, for 
leucosphaera, woody biomass is only related to C and the slope of the calibration between 
plant biomass and area.

For mopane, where the relationship with biomass is based on volume, woody biomass is 
a function of the slope of the calibration, height and C. It means that once the relationship 
between biomass and plant dimensions has been established, it is not required to measure 
plant area in order to derive estimates of woody biomass. The total woody biomass per 
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site is equal to the average of the 20 estimates derived per plant. The combined grass and 
woody biomass is obtained by adding the two estimates.

In total, 25 observations of biomass were made for the 11 sites selected over two sea-
sons as shown in Table 11.3.

11.3.5 Processing of satellite imagery
NOAA-AVHRR imagery was used for this work and was acquired in real time from a LARST 
receiving station (Williams and Rosenberg, 1993). This allowed us to produce NDVI images 
in near real time, to select only the best images and to make sure that the images would 
coincide with the fieldwork. A total of seven images was selected. Data processing consist-
ed of radiometric and geometric correction of the imagery and NDVI calculation. 

Radiometric corrections were based on the work published by Kaufman and Holben 
(1993) and Los (1993) for NOAA9 data and Rao and Chen (1996) for NOAA14, which took 
sensor degradations into account and was later updated monthly on the NOAA web site.

Geometric correction was based on the selection of control points from the geo-ref-
erenced Landsat TM mosaic covering the entire Park. This made it possible to achieve a 
geometric accuracy of about 0.5 pixel, which is much better than could have been achieved 
using satellite orbital parameters.

No atmospheric or bidirectional effects correction was performed because it was 
thought that careful selection of imagery, free of clouds and nearest as possible to nadir, 
would be more efficient in keeping atmospheric effects to a minimum rather than applying 
an approximate atmospheric correction. Existing methods for removing atmospheric effects 
often assume constant effects over the entire scene and require ground meteorological 
data that are not realistic to obtain for near real time application.

Digital number (DN) values were extracted from the imagery for each waveband and for 
each site. The data were input into a spreadsheet where radiometric corrections and NDVI 
calculations were carried out. Corresponding biomass values were input in the spreadsheet 
as shown in Table 11.3 and regression models were developed as shown in Figure 11.9.

The relationship including all observations (Figure 11.9a) was weaker than the relation-
ship including only grassland sites (Figure 11.9b). This seemed to suggest that different 
regression relationships would have to be developed for each vegetation types. However, 
insufficient data were available to test this hypothesis on the other cover type, and more 
data would need to be collected. Nevertheless the pooled relationship (Figure 11.9b) is still 
highly significant and it was used to produce the biomass maps.

11.3.6 Production and applications of biomass maps
The pooled relationship developed in the previous section (Figure 11.9a) can be used to 
transform NDVI images acquired at the NOAA HRPT receiving station into biomass maps. 
There are a number of ways in which these biomass maps can be used. From the point 
of view of food security, this could include the monitoring of animal movements in rela-
tionship to fodder availability during a growing season, or the monitoring of the animal 
carrying capacity from year to year and throughout a study area.

However, a more direct application of biomass maps is the correlation between fuel 
loads and fire risks. Fires occur naturally in the Park and are normally triggered by lightning 
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Table 11.3
NOAA-AVHRR biomass calibration results

Site Vegetation Type Survey date Image acquisition NDVI Biomass (kg/ha)

S4 Grassland 15/02/95 16/01/95 -0.007 0

S6 Grassland 15/02/95 16/01/95 0.001 0

S7 Grassland 15/02/95 16/01/95 0.016 0

S7 Grassland 01/03/95 02/03/95 0.077 1 254

S4 Grassland 01/03/95 02/03/95 0.029 437

S6 Grassland 01/03/95 02/03/95 0.062 1 251

S4 Grassland 10/03/95 10/03/95 -0.023 350

S6 Grassland 21/03/95 21/03/95 0.122 1 506

S7 Grassland 21/03/95 21/03/95 0.135 2 031

S4 Grassland 30/03/95 27/03/95 0.067 553

S6 Grassland 31/03/95 27/03/95 0.140 1 615

S7 Grassland 31/03/95 27/03/95 0.136 1 874

S4 Grassland 25/03/96 19/03/96 0.112 254

S6 Grassland 21/03/96 19/03/96 0.116 1 275

S7 Grassland 25/03/96 19/03/96 0.215 2 357

M1 Savanna 20/03/96 18/03/96 0.187 1 046

M2 Savanna 27/03/96 06/04/99 0.181 1 175

M3 Savanna 28/03/96 06/04/96 0.150 1 375

M4 Savanna 03/04/96 06/04/96 0.205 1 352

S1 Steppe 15/02/95 16/01/95 0.018 0

S3 Steppe 15/02/95 16/01/95 0.016 0

S1 Steppe 26/03/96 19/03/96 0.172 985

S2 Steppe 19/03/96 19/03/96 0.103 1 048

S3 Steppe 01/04/96 19/03/96 0.096 1 300

S5 Steppe 02/04/96 19/03/96 0.108 997

(Heady, 1975). Under favourable conditions, wildfires can spread over large areas and can 
cause major damage to wildlife and vegetation. However, controlled or prescribed burning 
is often used to prevent the occurrence of wildfires by reducing fuel loads. Furthermore, 
controlled fires may benefit livestock and wildlife through positive effects on vegetation 
regeneration and habitat diversity (Heady, 1975; Holechek et al., 1995). Controlled fires 
have been used in Etosha National Park for the above reasons and the Park was divided 
into a number of fire blocks as shown in Figure 11.10. 

Trollope and Potgieter (1986) have shown that in the Kruger National Park, biomass fuel 
loads needed to reach at least 1500 kg/ha to propagate. Therefore, it is possible to use 
biomass maps reclassified according to a series of thresholds indicating the levels of fire risk. 
This is illustrated in Figure 11.10, where biomass maps were produced at the end of the 
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Figure 11.9
Relationship between NDVI and biomass for (a) all sites,  

n = 25, y = 7735× + 208, r2 = 0.61 (p <0.01) and 
(b) all grassland sites, n = 10 r2 = 0.89

Note: Error bars represent the standard deviation of the field biomass estimate.
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rainy season for 1995, 1996 and 1997 using the pooled NDVI/biomass regression relation-
ship shown in Figure 11.9a. Looking especially at 1995 and 1996, it is apparent how, for 
controlled burning, such maps could be used to target fire blocks corresponding to the high 
to very high risk classes. The year 1997 was exceptional, with rainfall in excess of 40–60 
percent of the median between 1981 and 1996, which explains the extremely high levels 
of biomass reached throughout the park. As a result, all the conditions for an extensive 
fire were met and a wildfire started at the end of the dry season, which burnt nearly 21 
percent of the park’s area outside the pans, crossing several fire breaks. The conditions of 
1997 were very unusual, but it is possible that, had some controlled burning taken place in 
fire blocks where biomass was already relatively high in previous seasons, the wildfire that 
took place in 1997 would not have spread so extensively.

11.3.7 Conclusion and further development
This study has demonstrated methods for near real time monitoring of biomass quantity 
with NOAA-AVHRR. The value and reliability of the DPM has been demonstrated and was 
shown to be suitable for measuring biomass of grasslands across large areas. However, its 
use should really be limited to the grass types for which it has been calibrated. It is possible, 
in certain circumstances, that several calibration curves might be required depending on the 
grass types present. The DPM is unsuitable for reliably measuring biomass below 1000 kg/
ha and other techniques, such as visual estimation, should be used.

Concerning woody plant biomass, the set of techniques that were developed appeared 
to be reasonably reliable. The calibration of green plant biomass based on dimensions 
worked particularly well. The canopy to gap method was also very rapid to implement 

Figure 11.10
Example of a biomass map used to estimate fire risk level,  

and the extent of the fire that occurred two years after
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and seemed to be a fairly reliable way to assess canopy cover. Once the calibration of 
plant biomass with dimensions has been determined, the measurement of woody biomass 
becomes extremely rapid especially for plant species for which the calibration is based on 
plant area. In this case, the only parameter required is canopy cover. For plant species in 
which the calibration is based on volume, the parameters required are the canopy cover 
and plant height. This makes the assessment of biomass monitoring sites much faster and 
it is possible to increase the sample size from 20 to 40 plants within a site allowing a better 
characterization of site variations.

It would also be desirable to extend the work to other plant species, although the exist-
ing calibrations that were developed are valid for about 85 percent of the park.

The need to develop a suitable sampling scheme was also identified. The assistance of 
high resolution imagery for site selection proved to be very useful and allowed the identifi-
cation of homogeneous sites for selected cover types at the scale of NOAA. It also proved 
crucial to develop a suitable sampling scheme for the measurement of biomass within the 
site. The random selection of plants along the transect proved to be particularly important 
and the measurement of canopy cover needs to be based on the selected plants. This 
allows measurements of variations within the site and thus assessments of the precision 
of the estimates.

It was also demonstrated that single AVHRR images, received locally, could be calibrated 
against biomass allowing near real time monitoring of biomass quantity. Moreover, the 
methodology could also be applicable to other types of imagery such as SPOT VEGETA-
TION10 or TERRA/AQUA MODIS11. Nevertheless, the number of points available for the 
calibration is still limited and more observations would be needed to confirm that the cali-
bration remains stable through space and time. It already appears that the same calibration 
could be used for grassland and steppe. This is particularly encouraging because grassland 
and steppe are present in the same areas and are difficult to differentiate at the scale of 
NOAA-AVHRR. However, it seems that savanna sites need a different calibration especially 
when the proportion of woody biomass reaches a certain level. More observations need to 
be collected to be able to confirm this theory and to determine this threshold.

Biomass maps could potentially be used for several purposes linked to rangeland and 
wildlife management such as monitoring of animal movement and assessment of carrying 
capacity. It was shown that biomass maps could be used for the planning of prescribed 
burning. If local reception of NOAA-AVHRR data is possible, biomass maps can be pro-
duced in near real time and a direct application will be possible to target areas suitable 
for controlled burning to prevent large-scale wildfires. However, more work is required on 
refining the relationship between biomass and the NDVI for different vegetation commu-
nities, and to investigate whether the effective burning threshold varies according to the 

10 The VEGETATION programme is the fruit of space collaboration between various European partners:  

 Belgium, France, Italy, Sweden and the European Commission. In 1998, it was grafted onto the 

 SPOT programme, founded by Belgium, France and Sweden in 1978. It consists of two observation instruments  

 in orbit, VEGETATION 1 and VEGETATION 2, as well as ground infrastructures. 
11 MODIS (or Moderate Resolution Imaging Spectroradiometer) is a key instrument aboard the  

 Terra (EOS AM) and Aqua (EOS PM) satellites.
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vegetation type. This latter point stresses the importance of having land cover mapping 
products as a basis for stratifying the study area.

Finally, although the method was developed over an area of 23 000 km², it could 
potentially be used over a much larger area, such as nationally, provided a suitable sampling 
scheme is implemented across the study area.
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12.1 Background
The ability to inventory forage biomass over large landscapes can be an important compo-
nent in the assessment of drought impacts, natural resource management options, envi-
ronmental degradation, and changing climate. For Mongolian herders, an understanding of 
forage biomass availability in the surrounding landscape can assist in determining whether 
to move, buy or sell animals, and assess the level of risk for decision-making. However, the 
time and resources required to conduct accurate assessments of forage biomass over large 
landscapes are prohibitive, and in many areas such as Mongolia, the infrastructure and 
funding does not exist to conduct a comprehensive national characterization. 

Another complicating factor is that decisions regarding livestock movement and stock-
ing/de-stocking may require near real-time information, especially in the face of drought 
or severe winter weather events (dzud12). Forage quantity assessment is almost impossible 
to conduct over large land areas on a near real-time basis because of logistical and time 
constraints, thus the information needed for livestock related decisions is not always avail-
able when it is needed most. The inability to make decisions at critical times could lead to 
vegetation overuse which, in turn, can lead to environmental degradation. 

During the period from 1999 to 2001, as much as 35 percent of Mongolia’s livestock 
were lost to drought and dzud. In the Gobi region of the country, livestock mortality 
reached 50 percent, with many households losing entire herds (Siurua and Swift, 2002). 
Due to these extreme losses and their impact on pastoral livelihoods, the United States 
Agency for International Development (USAID), through the Global Livestock Collaborative 
Research Support Program (GL-CRSP) initiated the Gobi Forage Livestock Early Warning Sys-
tem in 2004. The Livestock Early Warning System (LEWS) technology, originally developed 
in East Africa (Stuth et al., 2003a; Stuth et al., 2005), combines near real-time weather, 
simulation modelling and remote-sensing data to monitor and forecast livestock forage 
conditions so that pastoralists and other decision-makers have information for timely 
decision-making in the face of drought and other disasters. For the Gobi Forage LEWS, 
Texas A&M University and Mercy Corps partnered to implement the forage monitoring 

12	 Mongolian term for an extremely snowy winter in which livestock are unable to find fodder through the 

snow cover, and large numbers of animals die due to starvation and the cold. The term is also used for other 

meteorological conditions, especially in winter, that make livestock grazing impossible.
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technology in eight aimags (provinces) that encompass the area where drought impacts 
were greatest during the 1999 to 2001 period (Figure 12.1). The goal of the Gobi Forage 
LEWS was to develop a forage monitoring system that would provide near real-time spatial 
and temporal assessment of current and forecasted forage conditions. This information 
would be delivered to herders to assist in their risk assessment and also be provided to local, 
regional and national government agencies to assist in their drought management, disaster 
preparedness and agricultural policy efforts.

12.2 Inputs
12.2.1 Project area
Mongolia is a landlocked country with a land area of over 1.5 million square kilometres 
of which over 90 percent are rangelands. Herders extensively graze their animals during 
the spring, summer and autumn, then return to protected camps for the winter months 
(Bedunah and Schmidt, 2004). Sheep and goats are the predominant forms of livestock, 
followed by cattle, horses, yaks and camels.

Mongolia’s climate is continental with extremely cold, dry winters and warm summers. 
Precipitation generally occurs in the form of rainfall during the summer months (June–
August) which coincides with the growing season for most plants. Precipitation is most 
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abundant in the northern regions of the country, averaging 200 to 350 mm per year, and 
least abundant in the southern regions which average 100 to 200 mm. A large portion of 
the country is prone to extreme winter disasters (dzuds) which are periods of intensely cold 
temperatures (< –40 ºC) accompanied by snow and/or ice. Dzuds usually follow periods of 
summer drought which can lead to large losses of livestock because animals are in poor 
condition going in to winter and do not have enough body fat to survive the extreme 
winter temperatures. 

This Gobi Forage LEWS was implemented in the Gobi region of Mongolia (Figure 12.1). 
The area includes the administrative aimags (provinces) of Gobi Altai, Bayankhongor, Ovor-
khangai, Omnogobi, Dundgobi, Dornogobi, Gobi Sumber and Tov. Within this region, five 
natural zones exist that generally follow the north to south elevational gradient and include 
the High Mountain, Mountain Taiga (Forest), Forest Steppe, Steppe and Gobi Desert zones 
(Yunatov et al., 1979). The High Mountain zone represents areas above the tree line and 
consists mainly of tundra vegetation. The Mountain Taiga zone is dominated by forest spe-
cies, mainly Siberian larch (Larix sibirica) and Siberian pine (Pinus sibirica). The Forest Steppe 
zone represents a transition between the Mountain Taiga and Steppe zones and consists of 
grasslands interspersed with forested areas. Trees such as Siberian larch (Larix sibirica) and 
Siberian pine (Pinus sibirica) can be found on north slopes and Stipa and Festuca grasses 
on southern slopes. The Steppe zone consists of grasslands dominated by Stipa, and Clies-
togenes grass species and Artemisia forbs and has the largest concentration of livestock 
production within the study area. The Gobi Desert zone is the most arid zone (<200 mm 
of precipitation) with the dominant plants consisting of Stipa and Allium species and sub-
shrubs such as Caragayna and Amygdalus species.

12.2.2 LEWS framework
LEWS combines field data collection from a series of monitoring sites, simulation model 
outputs, statistical forecasting and GIS to produce regional maps of current and forecast 
forage conditions (Figure 12.2). The system uses the Phytomass Growth Simulation Model 
(PHYGROW) (Stuth et al., 2003b) as the primary tool for estimating forage conditions. Field 
data collected from monitoring sites established across the region are used to parameterize 
and calibrate the model. Model runs for the monitoring sites are driven by near real-time 
climate data. The simulation model runs for each monitoring site are executed every 15 
days and the outputs are made available via web portal (http://glews.tamu.edu/mongolia). 
To produce maps of forage conditions, the total forage available to livestock is output 
for each monitoring site and is co-located with remote-sensing imagery data (Normalized 
Difference Vegetation Index [NDVI]) for the region and geostastistical interpolation is con-
ducted to create regional maps of available forage. The LEWS system also incorporates a 
statistical forecasting system which provides a projection of available forage conditions for 
60 days into the future.

12.2.3 Climate data sources 
Climate data are acquired from the National Oceanic and Atmospheric Administration 
(NOAA) Climate Prediction Center (CPC). The rainfall product used as a driving variable 
in the forage simulation modelling was the Climate Prediction Center Morphing Product 
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(CMORPH) (Joyce et al., 2004) (referred to hereafter as the “CMORPH product”). This 
product is produced by NOAA each 24-hour period and represents the accumulated rainfall 
that occurs between 0:00 and 24:00 Greenwich Mean Time (GMT). The CMORPH product 
is acquired automatically from the NOAA servers via internet and downloaded to servers at 
the Center for Natural Resource Information Technology (CNRIT) at Texas A&M University. 
The rainfall products are delivered as gridded images having a geographic range of 80.0º 
to 120.0º East longitude and 40.0º to 55.0º North latitude, covering the entire country of 
Mongolia and portions of northern China and southern Russia. Grid cell spacing of the 
image was 0.07276º in the longitudinal direction and 0.07277º in the latitudinal direction 
(approximately 8 km at the equator). During the initial comparisons of CMORPH rainfall 
estimates with weather station rainfall data from Mongolia, it was discovered that the 
product was overestimating rainfall in many locations within the study area, especially in 
the Steppe and Forest Steppe zones. Large overestimations occurred during the summer 
months (peak rainfall) and may have been related to a known problem with CMORPH and 
other satellite rainfall products where rainfall is detected by the rainfall algorithms, but 
none of the rainfall reaches the soil surface because of evaporation (Janowiak et al., 2005). 

Note: Data on plants, soils and grazers are collected from monitoring sites in the field and the data are stored 
in the PHYGROW model database. Climate data are acquired from national data sources and also stored in the 
database. The database provides data to the PHYGROW automated modelling process and the simulations are 
run nightly. Data are made available to the GIS portal and the Monitoring Site web portal. The GIS portal merges 
the simulation model outputs for the monitoring sites and with Normalized Difference Vegetation Image data. 
Co-kriging interpolation is used to create near real-time forage maps which are made available to regional and 
local stakeholders. Statistical forecasting is also conducted to provide maps and data of probable conditions.

Figure 12.2
Integrated framework for the Livestock Early Warning System modelling system 
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To overcome this issue, a daily bias correction was calculated and applied to the product 
using rainfall data collected from approximately 200 weather stations within the Mongolia 
CMORPH domain. The station data were acquired on a near real-time basis from NOAA as 
part of the Global Telecommunications System (GTS) data feed. GTS is a world-wide net-
work of climate monitoring stations that provide data to the World Meteorological Organ-
ization (WMO) as part of the World Weather Watch system. The bias-adjusted CMORPH 
data were used for PHYGROW simulation modelling. 

Temperature data for the model were acquired from the NOAA Global Data Assimilation 
System (GDAS) that produces daily maximum and minimum temperature surfaces for the 
entire globe. Resolution of the data is 1 degree at the equator (approximately 110 km). 

12.2.4 Simulation model
The PHYGROW was used for the prediction of forage biomass for monitoring sites within 
the study region. PHYGROW is a point model that contains four integrated submodels: 
climate, soil, plant growth and grazing. The model simulates a soil water balance, multi 
species/functional group plant growth and livestock grazing on a daily time step. PHY-
GROW is based on the light use efficiency model concept (Montieth, 1972; 1977) that 
simulates plant growth under optimal conditions (water not limiting). The model then 
discounts plant growth based on the amount of water stress (calculated from the water 
balance), temperature stress (based on species temperature tolerances for growth) and 
livestock grazing demand. 

The model contains parameters for soil surface and layer information, plant species and 
community data, livestock grazing management and stocking rates, and is driven by daily cli-
mate data (Stuth et al., 2003b). The soil subcomponent of the model has 13 unique param-
eters that include soil depth, bulk density, infiltration and water-holding capacity variables. 
The plant subcomponent allows simulation for individual species or functional groups. Plant 
community composition parameters include initial standing crop, percent basal cover for 
grasses, frequency of forbs, and canopy cover of shrubs and trees. For each individual plant 
species/functional group in the model, there are 27 plant parameters including minimum, 
optimal and maximum temperatures for growth, radiation use efficiency, leaf area index, 
leaf and wood turnover, leaf and wood decomposition, and canopy water movement. The 
grazing subcomponent of the model has 19 variables related to the kind/class of grazing 
animal including forage intake, stocking rate and grazing preference class for each plant 
species parameterized in the model. Lastly, the climate subcomponent has six variables 
which include year, day, maximum and minimum temperature, rainfall and solar radiation.

12.2.5 Monitoring site characterization
Permanent vegetation transects were established across the project area to gather informa-
tion needed to parameterize the PHYGROW simulation model. Line transect and quadrat 
methods were used to gather plant community information and forage biomass for produc-
tivity estimates. During the initial site visit, line transect data, including basal cover of grasses 
and canopy cover of shrubs, were collected along with forage biomass production estimates 
to calibrate the model. Sites were visited periodically in the years following initial establish-
ment to collect forage biomass data for further calibration and validation of the model. 
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12.2.6 Forage mapping 
The geostatistical method of co-kriging was used to map forage biomass for regional maps 
of available forage. Co-kriging is a geostatistical interpolation method that calculates esti-
mates for unknown points by using the weighted linear average of the available samples of 
the primary and secondary variables. The secondary variable (covariate) is cross-correlated 
with the primary variable of interest and is usually sampled more frequently and regularly 
(Isaaks and Srivastava, 1989), thus allowing estimation of unknown points using both vari-
ables. Forage biomass output from the PHYGROW simulation model for each of the mon-
itoring sites was used as the primary variable in co-kriging interpolation. For the secondary 
variable, the Normalized Difference Vegetation Index (NDVI) data prepared by the National 
Aeronautics and Space Administration (NASA) Global Inventory Modelling and Mapping 
Studies program (Tucker et al., 2005) was used. ArcGIS software was used to conduct the 
co-kriging interpolation and forage maps were produced every 15 days.

12.2.7 Statistical forecasting
To provide a forecast of probable future forage conditions, an auto-regressive integrated 
moving-average (ARIMA) (Box et al., 1994) forecasting model is used. This method provides 
a 90-day forecast of forage conditions using time series analysis. The ARIMA approach uses 
modelled forage for past dates and matching historical NDVI conditions along with current 
forage estimates to predict future forage biomass (Alhamad et al., 2007). The forage bio-
mass values are based on 10-day moving averages. 

12.3 Approach
The assessment of livestock forage biomass on a near real-time basis is especially important 
in Mongolia where drought and winter disasters (dzud) that deplete vegetation resources 
represent a major risk confronting livestock producers. Since the majority of the livestock 
producers are nomadic or semi-nomadic herders, knowledge of the surrounding forage 
conditions becomes a critical factor in risk management decision-making about livestock, 
especially during drought (Kogan et al., 2004). Herders often respond to drought by mov-
ing livestock to another location, but the movement is not always coordinated due to the 
lack of information about vegetation conditions, thus leading to increased animal numbers 
in areas not affected by drought. 

In pastoral regions, livestock is the main component of personal wealth and well-being 
for livestock herders. Providing early warning information on droughts or other disasters 
can improve marketing options for livestock prior to market crashes during drought and 
removing animals from drought stricken areas can reduce the likelihood of environmental 
impacts. Regional early warning assessments can also provide needed information to 
policy-makers and relief organizations to develop disaster response or mitigation strategies. 

The approach for establishing the Gobi Forage LEWS in Mongolia comprised eight main 
activities, as follows: 

1.	Monitoring site selection 
2.	Monitoring site characterization 
3.	Simulation model parameterization
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4.	Near-real time simulation for monitoring sites
5.	Integration of model output with remotely-sensed data 
6.	Regional mapping of forage biomass and anomalies 
7.	Information dissemination 
8.	Training on use of Gobi Forage products
Each of these activities and the methods used for implementation are discussed below.

12.4 Methodology for establishing the forage inventory
12.4.1 Monitoring site selection 
A series of monitoring sites were established across the study area to gather information 
needed to parameterize the simulation model and to provide a representative sample of 
the forage productivity across the region. An 8 km x 8 km grid, representing the resolution 
of the pixels of the CMORPH rainfall data, was superimposed over the Gobi Forage LEWS 
project area (Figure 12.1). To ensure that sites would be accessible, the grids were stratified 
by selecting only those grids that were within 30 km of roads. This was done by overlaying 
the road network on top of the grid within the ArcGIS software and creating a spatial 
query to select only those grid cells that had their boundaries within 30 km of the roads. 
From the stratified grids, a subset of grids was randomly selected within each aimag, with 
the number of grids proportional to the land area of each aimag and natural zone (Figure 
12.1). Once the grids were selected, these were uploaded to Personal Digital Assistants 
(PDAs) equipped with Global Positioning Systems and ArcPad mobile GIS software. The 
PDAs were given to field teams and these were used to navigate to the selected grid cells 
for monitoring site characterization.

12.4.2 Monitoring site characterization
The field teams used the road network to drive to within range of a selected grid, and then 
drove overland to the land area inside the boundaries of the grid by navigating with the 
ArcPad software and PDA/GPS. Once inside the grid, the dominant plant community was 
identified through field reconnaissance and a location for a permanent vegetation transect 
was established. Due to the large geographic area of the project, the permanent vege-
tation transects were installed in phases with the first phase occurring in the Gobi Altai, 
Bayankhongor and Ovorkhangai aimags during 2004 (Figure 12.1). In 2005, transects were 
established in Omnogobi, Dundgobi, Gobisumber and Dornogobi aimags. Transects in the 
Tov aimag were established in 2006. A total of 243 monitoring sites were installed across 
the region (Figure 12.1) during the monitoring site characterization phase.

To gather the necessary plant community parameters for the PHYGROW model at each 
monitoring site, a modified point-frame method (Ryan, 2005) was used to collect percent 
basal cover of grasses, frequency of forbs and shrub canopy cover along each permanent 
transect. Transect lengths ranged from 100 to 500m according to vegetation cover and 
plant spacing at the sites. Sites having sparse vegetation and low plant cover had longer 
transects. 

Along each transect, the modified point frame (Photo 12.1) was placed on the soil sur-
face and each point on the frame was examined to determine if it intersected the basal area 
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of a grass species, plant litter, bare ground or rock. If a basal area of a grass species was 
encountered, this was recorded as a “hit”. Within a 5 x 5 cm quadrat around each point, 
each presence of a unique forb species was defined as a “hit”. If a shrub or tree canopy 
intersected an upward, perpendicular line from the point, the shrub or tree species was 
recorded as a “hit”. A total of 250 to 500 points were sampled with the number of points 
sampled varying depending on vegetation cover and plant spacing. The “hits” of grass, 
forbs, and shrub/tree species were divided by the total possible hits and these values were 
entered as the plant community composition variable in the PHYGROW model. 

Herbaceous biomass at each transect was measured at the time of transect establish-
ment and in subsequent years after monitoring site establishment. A 0.25 or 0.50 m2 
quadrat was placed at equal increments along the transect (n = 10 samples per transect) 
and the herbaceous biomass (grass and forbs) was clipped to a 1-cm stubble height (Photo 
12.2). If shrubs were located within the quadrat and they were palatable to livestock, the 
current year’s growth was clipped from the stems of the shrub. The clipped biomass was 
placed in paper bags, taken back to the laboratory and dried in a forced air oven at 60 
ºC for 48 hours. After drying, the samples were weighed with a digital scale. The sample 
weights were then multiplied by the appropriate plot factor in relation to the quadrat size 
to convert the forage biomass to kg/ha units. The 10 samples were averaged and the mean 
was used for calibration and validation of the simulation model output.

For the soil components in PHYGROW, a 1:1 000 000 scale soil map was acquired 
from the Mongolia National Soil Laboratory. Using a GIS, the soil series information was 
extracted from the soil map and soil parameters were entered into the PHYGROW model. 
If soil data were not available for a site, a soil pit was dug and characterized during visits 

Photo 12.1
Modified point frame used to collect grass basal area, forb frequency 
and shrub canopy cover on Gobi Forage LEWS monitoring sites
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to the monitoring site. Soil samples were retrieved from the layers and sent to the National 
Soil Laboratory for analysis. Soil scientists were consulted to assist with soil classification. 
When texture parameters were the only information available for a soil, model parameters 
were estimated from texture percentages using a soil parameter estimation tool (Saxton 
et al., 1986). 

Stocking rate information was calculated from sum13 (district) censuses of livestock that 
were conducted during each year of the study. The total number of each kind of livestock 
was divided by the land area of the sum and this number was used as the stocking rate 
parameter in PHYGROW. Seasonal dry matter intake for each kind of livestock was deter-
mined through consultation with ruminant nutrition scientists at the Mongolian Agriculture 
University Research Institute for Animal Husbandry (RIAH).

12.4.3 Simulation model parameterization
Soil, plant and grazer data were entered into the PHYGROW centralized database that 
contains a relational table structure to store parameter data for each of the monitoring 
sites. Soil parameter data entered included soil depth for each layer, bulk density, water 
holding capacity variables, slope and water runoff parameters. Plant parameter data for 
the plant community characterization included basal area and canopy cover information 
collected from field visits. Species-specific and functional group-specific plant growth 
parameters were also entered and these included leaf area index, relative growth rate, leaf/
wood turnover variables, rooting depth, plant height, and optimal growth and suppression 
temperatures. Species and functional group plant growth parameter data were acquired 

Photo 12.2
Clipping of a quadrat at a Gobi Forage LEWS monitoring site

13	  Each aimag is divided into a number of sums (districts).
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from published literature and online databases such as EcoCrop (FAO, 1994) and the Global 
Leaf Area Index Database (Scurlock et al., 2001). When no information could be found for 
a species, an expert judgment was made based on the plant genus, functional group and 
information on growth characteristics gathered from plant experts in Mongolia.

Grazer data were entered to characterize the density of livestock grazing, the monitor-
ing site and the general characteristics of livestock management for the area where the 
monitoring site was sampled. Grazer parameters include a maximum and minimum stock-
ing rate, dry matter intake of the grazer and grazing preferences for the plants that occupy 
the site. Preferences were entered for each species and functional group and represent 
whether the grazer considers the species as preferred, desirable, undesirable or non-con-
sumable for different plant growth stages such as rapidly growing, dormant or dead.

Climate data were downloaded on a daily basis from the NOAA servers and stored on 
the PHYGROW servers. Maximum and minimum temperature and bias-corrected rainfall 
were extracted from the NOAA data using the latitude and longitude of the monitoring site 
and stored in the PHYGROW database for use in the simulation model run for each site.

12.4.4 Near real-time simulation for monitoring sites
After all sites had been parameterized, PERL14 scripts are used to extract the parameters 
from the database and the parameter files needed by the PHYGROW model are built for 
each monitoring site. Prior to near real-time simulation, each of the monitoring sites was 
calibrated. This involved running the model with the climate data and comparing the simu-
lated forage biomass output to that measured during the transect establishment and sub-
sequent biomass clipping at later dates. If the model output fell within ± 1 standard error 
of the mean for the forage biomass measured on the monitoring site transect, the model 
was considered calibrated for that data collection period. If the model output fell outside 
± 1 standard error of the measured data, parameters were adjusted in an attempt to move 
the modelled biomass estimate to within the standard error. This process was repeated for 
each time period for which data were collected until the model was considered calibrated. 
Model parameter adjustments for calibration were limited to species maximum rooting 
depths, green and dead leaf turnover rates, and soil layer thickness at the surface15 param-
eters. After the model was considered calibrated, the model parameters for a site were no 
longer adjusted and the runs were established in the queue to run on a near real-time basis.

The near real-time simulations are run on a distributed computing system. The system 
consists of central server connected to 20 nodes with a capacity of 80 central processing 
units. The central server uses the PERL scripts to extract the parameter files with the most 
recent weather for the 247 monitoring sites from the PHYGROW database and stores 
them in the run queue. The queued runs are sent to the various processing nodes and 
the simulations and forecasts are run. Once completed, selected outputs are stored in the 
PHYGROW database. Individual site outputs are made available via the project web portal 
at http://glews.tamu.edu/mongolia. PERL scripts extract the total forage available data from 
the database and prepare them for use in the forage mapping. 

14 PERL is a high-level, general-purpose, interpreted, dynamic programming language. 
15 Soil layer thickness at the surface influences the depth of soil water evaporation.
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12.4.5 Integration of model output with remotely-sensed data
To prepare the data for forage mapping, a weighted average of total forage available data 
for all grazers is extracted from the database for all of the monitoring sites. Total forage 
available represents the forage available to specific grazers based on their preferences and 
the amount of biomass present at the monitoring site. The PHYGROW model will output 
total forage available for each grazer; however, an integrated total forage available dataset 
is created where a weighted average of the total forage available for the grazers is calculat-
ed on the basis of forage intake and stocking rate (i.e. total forage demand) of the grazers 
at the monitoring site. The integrated total forage available is output every 15 days with 
the latitude and longitude for each of the monitoring sites. The total forage available data 
are then co-located with NDVI data for the project region. The resulting file is used for the 
co-kriging interpolation to create forage maps. Long-term average total forage available 
and the 60-day forecast total forage available are also extracted from the database. The 
long-term average total forage available data are co-located with the long-term average 
NDVI for the same time period to create a co-kriging file in order to produce a long-term 
average forage map. The 60-day forecast total forage available data are co-located with a 
forecast NDVI image to create the 60-day forecast forage map.

12.4.6 Regional mapping of forage biomass and anomalies
The geostatistical procedure of co-kriging (see Isaaks and Srivastava 1989 for a discussion 
of co-kriging) to produce landscape maps of forage production uses the co-located forage 
output and NDVI data. The co-kriging procedure not only uses the positive relationship 
between the forage biomass and the NDVI, but also accounts for spatial autocorrelation16 
to create interpolated maps of forage biomass. Co-krigings were conducted using the 
Geostatistical Analyst extension in the ArcGIS 9 software (ESRI, 2005). 

To assess how well co-kriging predicted forage biomass, cross-validation was conducted 
using the ArcGIS software. Cross-validation involves dropping out data for one of the mon-
itoring points and then running the co-kriging procedure and predicting the forage value 
for the point that was left out. This procedure is repeated for all the monitoring points and 
then the observed and predicted values can be compared via regression to assess statisti-
cally how well the co-kriging procedure performed for estimating unsampled points. The 
results of this exercise for forage mapping during the summer months of 2005 to 2007 
indicated that the co-kriging procedure generally did a reasonable job of predicting forage 
biomass (r2 = 0.58 to 0.69). The co-kriging procedure had a tendency to slightly underpre-
dict forage biomass by 1 to 4 percent (Angerer, 2008). 

Total forage available maps representing current forage conditions are produced 
bimonthly (Figure 12.3). To provide a spatial representation of forage anomalies, a forage 
deviation map is also produced (Figure 12.4). This is calculated by performing a standard-
ized deviation between the current forage map and the long-term average forage map 
for the period of interest. The deviations are categorized into early warning indicators to 
delineate areas of drought intensity (Figure 12.4). A 60-day forecast map of projected for-
age conditions is produced to provide information for assessing drought risk (Figure 12.5). 

16	 Spatial autocorrelation refers to the “rule“ that items closer together in space are generally more similar than 

those farther apart.
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Figure 12.3
Map of total forage available for Gobi Forage  

LEWS project area between 1 and 15 September 2007
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12.4.7 Information dissemination
Current, forecast and long-term deviation forage maps are produced bimonthly and are 
distributed via the internet (http://glews.tamu.edu/mongolia) and email. The maps are also 
printed in colour and mailed to sum governments for local government use and for posting 
on the local government bulletin boards. Maps are also provided to regional and national 
government officials. A situation report, representing an interpretation of the forage maps 
by a rangeland specialist, is produced and mailed to regional and national government 
officials. This report is also used to produce radio bulletins that are reported on Mongolian 
National Public Radio.

12.4.8 Training on use of Gobi Forage products
Training programmes for herders, government personnel, NGOs and other interested stake-
holders in the use and interpretation of the LEWS products were developed. Gobi Forage 
personnel travelled to sums across the region and conducted training sessions for herders 
and local government personnel to introduce them to the Gobi Forage products and to pro-
vide instruction on interpretation of Gobi Forage maps (Photo 12.3). Training was enhanced 
by the production of a set of DVD videos that were distributed, as well as shown, at the 
training sessions. These videos proved to be very effective tools for introducing potential 
users to the Gobi Forage programme by providing a description of both the LEWS meth-
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Figure 12.5
Map of total forage available projected 60 days into future for Gobi Forage 

LEWS project area between 1 and 15 September 2007

Note: Forage amounts represent the forecast biomass available for 1-15 November 2007.
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Figure 12.4
Map of total forage available deviation from long-term average for Gobi Forage 

LEWS project area between 1 and 15 September 2007

Note: Deviation categories represent early warning indicators on severity of drought 
– observe the severity of drought in east Dundgobi and northern Gobi Altai aimags.
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odology and products. Brochures, calendars and descriptive maps were also produced for 
distribution after training sessions to improve retention of information by trainees.

A survey conducted during 2008 in the region indicated that the Gobi Forage pro-
gramme was well received, with over 70 percent of herders having some degree of famil-
iarity with Gobi Forage products. Almost half of the surveyed herders reported that they 
had used Gobi Forage information to guide livestock movements (51 percent), provide 
supplemental feed (49 percent) or change their grazing strategy (40 percent). An over-
whelming majority (93 percent) of government officials found Gobi Forage products to be 
“very useful” in advising herders on grazing management and livestock movement. One 
provincial governor described how the system helped him manage the influx of almost 
50 000 herders and their families from a neighbouring drought-stricken aimag and pre-
vented conflict with local herders.

12.5 Updating the forage inventory
Because of the early warning nature of the Gobi Forage LEWS programme, the forage 
inventory is updated continuously with the bimonthly processing of monitoring site data 
and the production of forage maps. Subsets of the monitoring sites throughout the region 
are visited periodically to collect forage biomass data to verify model predictions. In addi-
tion, vegetation transect data are collected periodically (every 3 to 5 years) for monitoring 
vegetation change and to update monitoring site parameters in the model if vegetation 
conditions have changed. 

Photo 12.3
Training sessions held for herders and local government officials to introduce them to Gobi 
Forage maps and to assist them in using maps for risk management decision-making
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After USAID funding for the project ended in 2008, funding for continuation of the pro-
gramme was received from the World Bank’s Sustainable Livelihoods Programme in Mon-
golia. With the World Bank funding, the monitoring area has been expanded to include all 
of Mongolia and has since been renamed as the Mongolia Livestock Early Warning System. 
Forage mapping for the entire country will be initiated by mid-2012. By 2013, the system 
will be institutionalized at the Mongolia National Agency for Meteorology, Hydrology and 
Environment Monitoring (NAMHEM). 
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13.1 The need for a livestock feed inventory  
on the Tibetan Plateau
The Tibetan Plateau, also known as the Qinghai-Tibetan Plateau, is the largest and highest 
plateau in the world (Figure 13.1). It covers an area of 2.5 million km2, with an average ele-
vation of 4 500 m above sea level, and is often called “the roof of the world”. The Plateau 
includes the Tibetan Autonomous Region (TAR), Qinghai Province of China, and parts of 
Sichuan, Gansu and Yunnan provinces. The population of the Tibetan Autonomous Region 
increased from 1.23 million in 1959 to 2.93 million in 2010. This increased population has 
brought great demand and pressure on natural resources and the environment. 

Figure 13.1
Grassland types of Tibetan Plateau including alpine steppe and alpine meadow
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Due to the extreme climatic conditions on the Tibetan Plateau, its alpine meadow, 
alpine steppe, desert and forest ecosystems are fragile. With a total area of 1.5 million 
km2 of pasture, the major livestock on the Plateau are yak and sheep, and its livestock 
population has doubled over the last 40 years. The total number of livestock in Qinghai 
and Tibet provinces in 2004 was 8735 ×104 standard sheep (yak was converted into sheep 
for uniform unit). 

Primary production and aboveground biomass of natural grasslands has substantial 
seasonal and inter-annual fluctuations because of changing weather and climate. The field 
data show that the grassland primary productivity in the Three River Sources Region has 
a cyclical fluctuation over 3–5 years (Fan et al., 2010). The feedstock yields in the region 
have shown an increasing trend over the last few years, particularly in the alpine grassland 
steppe, but it is likely to be a short-term phenomenon. The overall effects of climate change 
on grassland ecosystem productivity are likely to be negative over a long-term period on 
the Plateau (Fan et al., 2010). 

Climate change and increasing human activities will continue to increase the uncertainty 
and instability of grassland ecosystems. Drought on the Tibetan Plateau and overgrazing 
by livestock have accelerated grassland degradation (Liu et al., 2008). Many regions on 
the Plateau have experienced environmental pollution and ecological damage (Cheng and 
Shen, 2000). Land desertification on the Plateau has increased substantially, particularly in 
a large area of Qinghai Province, which now accounts for approximately 21 percent of the 
total area of desertification in China. Soil erosion has also increased, in particular along the 
Hengduan Mountains where deforestation and other man-made disturbances occurred 
extensively. Biodiversity has decreased rapidly due to environmental degradation, over-ex-
cavation and hunting. 

A livestock feed inventory can provide information on feed availability over time and 
space, which is critically needed to support feedstock management of individual herders 
and livestock industry. It is of great significance for utilizing and managing grassland, as 
well as improving ecological balance and environment. On the Tibetan Plateau, natural 
grassland is the only feed resource for livestock. An effective feed inventory system with a 
focus on grasslands will be very helpful for the livestock industry and ecosystem protection. 
Remote sensing could play an important role in the feed inventory at the regional level. 
Field investigations on the Tibetan Plateau region are difficult because of low oxygen levels 
and remote locations, so ground data are very limited. Our strategy is to integrate remote 
sensing-based modelling and flux tower-based in situ observations to develop a real-time 
system of monitoring gross and net primary production on the Tibetan Plateau. Regional 
aboveground biomass and forage will also be estimated with a remote sensing-based 
approach. The flux towers will provide data needed to validate our results. The workflow 
is shown in Figure 13.2.

In this document, we focus on the methods and procedures for estimating gross and 
net primary production, aboveground biomass and edible forage for livestock in grasslands 
of the Plateau (Figure 13.2). The first part of the document introduces methods and proce-
dures for estimating gross and net primary production of grasslands from a satellite-based 
approach. We will briefly discuss the satellite-based Vegetation Photosynthesis Model 
(VPM) as a diagnostic model for estimating gross and net primary production of terrestrial 
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ecosystems (Xiao et al., 2005a; Xiao et al., 2005b; Zhang et al., 2005; Zhang et al., 2006). 
The second part of the document discusses satellite-based approaches for estimating 
aboveground biomass, which include using data from optical sensors such as Landsat and 
Moderate Resolution Imaging Spectroradiometer (MODIS) (Friedl et al., 1994; Ikeda et al., 
1999; Hirata, 2000; Weiss et al., 2001; Schino et al., 2003; Benie et al., 2005; Xu et al., 
2008; Yang et al., 2009a; Yang et al., 2009b)

13.2 Gross and primary production of grasslands
13.2.1 The Vegetation Photosynthesis Model (VPM)
From a biochemical perspective, vegetation canopies are composed of chlorophyll (chl) 
and non-photosynthetic vegetation (NPV). The latter includes both canopy-level (e.g. stem, 
senescent leaves) and leaf-level (e.g. cell walls, vein and other pigments) materials. There-
fore, FPARcanopy should be partitioned into the fraction of photosynthetically active radiation 
(PAR) absorbed by chlorophyll (FPARchl) and the fraction of PAR absorbed by NPV (FPARNPV) 
(Xiao et al., 2004a; Xiao et al., 2004b; Xiao et al., 2005a):

Canopy (g/m2) = chlorophyll (g/m2) + NPV (g/m2)			   (1)

FPARcanopy = FPARchl + FPARNPV					     (2)

Plant photosynthesis starts with light absorption by leaf chlorophyll. The PAR absorbed 
by chlorophyll (product of FPARchl × PAR) is responsible for photosynthesis or gross primary 
production (GPP). Based on the conceptual partitioning of chlorophyll and NPV within a leaf 
and canopy, the VPM was developed for estimating GPP over the photosynthetically active 
period of vegetation (Xiao et al., 2004b). The VPM is briefly described as the following:

Figure 13.2
Feed inventory system based on remote sensing and in situ observation  

on the Tibetan Plateau
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GPP = × FPARchl × PAR					     (3)

In the first version of the VPM, FPARchl within the photosynthetically active period of 
vegetation is estimated as a linear function of Enhanced Vegetation Index (EVI), and the 
coefficient a is set to be 1.0 (Xiao et al., 2004a; Xiao et al., 2004b):

FPARchl =a ×EVI							      (4)

Light use efficiency (εg) is affected by temperature, water and leaf phenology:

εg = ε0×Tscalar×Wscalar×Pscalar 					     (5)

where ε0 is the apparent quantum yield or maximum light use efficiency (μmol CO2/μmol 
PPFD17), and Tscalar, Wscalar and Pscalar are the scalars for the effects of temperature, water and 
leaf phenology on the light use efficiency of vegetation, respectively. The full description of 
the VPM is given elsewhere (Xiao et al., 2004c; Xiao et al., 2005a).

The VPM has been evaluated over several major biome types, including tropical rain-
forest (Xiao et al., 2005b), temperate deciduous broadleaf forest (Xiao et al., 2004b; Wu 
et al., 2009; Wu et al., 2010), evergreen needleleaf forest (Xiao et al., 2004a; Xiao et al., 
2005a), alpine tundra (Li et al., 2007b), grassland (Wu et al., 2008; Wang et al., 2010b), 
winter wheat, and corn croplands (Yan et al., 2009). The VPM model was also applied to 
estimate GPP on the Tibetan plateau (Li et al., 2007b), and the results showed that the 
VPM-predicted GPP agreed reasonably well with the estimated GPP from three CO2 eddy 
flux tower sites in alpine meadow, alpine wetlands and alpine grasslands. These results 
demonstrated the potential of the satellite-driven VPM model for scaling-up the GPP of 
alpine grassland ecosystems.

13.2.2 Satellite images and climate data for  
simulations of the VPM model
The VPM model uses the EVI and Land Surface Water Index (LSWI), derived from imagery 
from optical sensors such as MODIS on board the Terra and Aqua satellites. MOD09A1 
MODIS products are downloaded from the USGS EDC data centre18, which includes surface 
reflectance values of bands 1–7 at 500 m resolution and an 8-day temporal resolution. 

The VPM model also uses air temperature and PAR as input data. The air temperature 
data is derived from the China Meteorological Data Sharing Centre. The daily air tempera-
ture was combined into an 8-day average and interpolated to produce wall-to-wall gridded 
data coverages. PAR was derived from the Total Ozone Mapping Spectrometer (TOMS) 
ultraviolet reflectance data in point format. The PAR was calculated using the method of 
Eck and Dye (1991) and Li et al. (2007A), and then the PAR point data was interpolated 
into grids.

17 Photosynthetic photon flux density. 
18 Earth Resources Observation and Science (EROS) Center.
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13.2.3 In situ observations from CO2 flux tower sites for evaluation of 
the VPM model
There are three CO2 flux towers available in Maqu, Haibei and Damxung on the Tibetan 
Plateau, which collect data for alpine meadow, alpine meadow and alpine steppe-meadow, 
respectively. All the three flux towers (Table 13.1) provide observational data for parameter 
calibration in models and validation. 

The Maqu flux measurement site is located in Maqu county, Gansu province, China 
(37°52.77’ N, 102°09.27’E), on the eastern, protuberant edge of the Tibetan Plateau. A 
number of different ecosystems are present in this area. The climate of this region is cold 
and humid, which is typical in alpine areas. The mean annual temperature of this site is 1.1 
℃. There are only 19 days without frost throughout the year. Mean annual precipitation 
is 560 mm. Vegetation in this area is typically alpine meadow, dominated by gramineous 
species. The main soil types are alpine meadow soils and swamp soils.

The Haibei flux observation site is located at the Haibei Alpine Meadow Ecosystem 
Experimental Station (37°29’ ~ 37°45’N, 10112’ ~ 101°23’E), geographically situated in 
the northeastern part of the Qinghai-Tibetan Plateau. The altitude of this area ranges from 
3 200 m to 3 600 m. The climate of this region is highly continental, and has been termed 
“plateau continental”. Mean annual temperature is around -1.7 °C. Annual precipitation is 
about 600 mm with most precipitation occurring in summer. Vegetation in this area is the 
typical alpine vegetation of the Northern Qinghai-Tibetan Plateau. The main soil types are 
alpine meadow soils, alpine scrubby meadow soils and swamp soils.

The Damxung flux measurement site is located north of the Lhasa municipality and 
near to the southern edge of the Nyainqntaglha Mountains (91°05’E, 30°25’N) with an 
elevation of 4 333 m. The experimental site is categorized as plateau monsoon climate with 
strong radiation, low air temperature, large diurnal variation and small annual differences. 
Mean annual temperature is 1.3 °C and mean annual precipitation is 476.8 mm. Mean 
annual evaporation is 1 725.7 mm and average wetness coefficient is 0.28. The vegeta-
tion at the Damxung site is alpine steppe-meadow, with Kobresia meadows typical of the 
northern Tibetan Plateau. There are two typical meadows at the site. One is marsh meadow 
dominated by Kobresia littledalei, associated with Blysmus sinocompressu, K. microglochin 
and K. littledalei. The other is dominated by K. parva, with subdominants species such as 
K. Humilis and Stipa purpurea and occasional tussocks of Kobresia and forbs. 

Table 13.1
The three CO2 flux tower sites on the Tibetan Plateau

Station name Location Ecosystem types Manager 

Maqu 102.15°E 37.88°N Alpine meadow Shihua Lv

Haibei 101.33°E 37.66°N Alpine meadow Xinquan Zhao

Damxung 91.08°E 30.41°N Alpine steppe-meadow Peili Shi
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13.2.4 Net primary production of grassland
When monitoring the C13 isotope and effects of CO2 doubling on the photosynthesis of 
sunflowers, Cheng et al. (2000) found that the ratio between net primary productivity and 
gross primary productivity was constant. Here we assume that plant respiration is propor-
tional to gross primary productivity; and therefore, net primary production is calculated as: 
NPP = GPP×α.

13.3 Aboveground biomass of grasslands
Grasslands in the Tibetan Plateau are dominated by alpine steppe and alpine meadow, 
which cover more than 60 percent of its area. The total aboveground biomass of alpine 
grasslands was estimated to be approximately 77.6 Tg (1 Tg = 1012 g), accounting for about 
one-quarter of total aboveground biomass storage in China’s grasslands (298.0–323.1 Tg) 
(Ni, 2004; Yang et al., 2009b).

13.3.1 Estimation of aboveground biomass from remote sensing
There have been a limited number of studies on grasslands on the Plateau. Most of them 
have focused on net primary productivity and few of them have specifically examined 
aboveground biomass or estimated forage (Piao and Fang, 2002; Zhou et al., 2004; Chen, 
2009). In recent years, with government investment, some regions such as the Three 
River Sources region have attracted more attention, resulting in more data collection of 
aboveground biomass and feedstock in the grasslands.

Aboveground biomass is often estimated using simple regression models that are based 
the correlations between aboveground biomass and vegetation index. The correlations 
between in situ aboveground biomass measurements, various spectral bands and vegeta-
tion indexes have been established by using statistical methods (Friedl et al., 1994; Ikeda 
et al., 1999; Hirata, 2000; Weiss et al., 2001; Schino et al., 2003; Benie et al., 2005; Xu 
et al., 2008). Simple regression models of the following general form were widely used: 

Aboveground biomass = ƒ(VI)			   (6)

A recent study has evaluated six statistical models to estimate aboveground biomass, 
using in situ biomass data in Southern Gansu Province, Northeastern Tibetan Plateau 
(LIANG et al., 2009): a linear model, an exponential model, a growth model, a logarithm 
model, a power model and a polynomial model. Their results showed that the power model 
has better estimation accuracy, and EVI has better performance than NDVI. The best-fit 
simple regression model is: AGB (kg/ha) = 13583 × EVI1.665, where AGB is aboveground 
biomass, EVI is the value of MODIS-EVI. 

Another study has evaluated eight vegetation indices for estimating aboveground bio-
mass (Shen et al., 2008), and the results showed that all the eight vegetation indices have 
the ability to provide good estimation of aboveground biomass. The vegetation index based 
on universal pattern decomposition (VIUPD) is the best predictor of aboveground biomass 
among simple regression models. Moreover, both VIUPD and the soil-adjusted vegetation 
index (VI) could provide accurate estimates of aboveground biomass with dummy variables 
integrated in regression models.
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A recent study has reported in situ aboveground biomass data from 675 plots in 135 
sites (i.e. five plots from each site) measured on the Tibetan Plateau during the summers 
(July and August) of 2001–2004); and a simple regression model between aboveground 
biomass and growing season EVI during the period of 2001–2004 (Yang et al., 2009a; 
Yang et al., 2009b) was developed (see equation 7). That study investigated the allocation 
between above- and belowground biomass in alpine grasslands and its relationship with 
environmental factors using field data, proving that the median values of the ratio of below-
ground biomass and aboveground biomass is 5.8 on the Tibetan plateau. This ratio was 
significantly higher in temperate grasslands than in alpine grasslands (Wang et al., 2010a). 

AGB= 334.39×EVI + 10.051 				    (7)

Here we use the simple regression model from Yang et al. (2009a,b) for estimating 
aboveground biomass. The EVI is calculated as the following: 

EVI=G×(ρnir−ρred)/(ρnir+(C1×ρred−C2×ρblue)+L) 		   (8)

where G = 2.5, C1 = 6, C2 = 7.5 and L = 1; ρnir, ρred and ρblue is reflectance of blue, red 
and near infrared bands.

13.3.2 In situ aboveground biomass data for calibration and validation
A series of plots nearby the three flux towers (see section 13.2.3) needs to be sampled 
every year in order to provide validation data. The clipping and weighing method is a 
very tedious, but also the most accurate method for estimation of aboveground biomass 
(dry matter). First, suitable plot locations are selected; usually around five plots should be 
clipped in one sample but more plots are needed if the pastures are variable spatially. Sec-
ond, grasses above the soil surface in a given area (usually one square metre or one square 
foot) are clipped and collected in paper bags. Third, the samples are dried in an oven and 
weighed for dry matter biomass.

13.4 Forage biomass of grasslands
Forage availability concerns farmers most. Forage yield is part of the aboveground biomass 
for livestock feed. Usually, the forage yield is based on the hypothesis that grazing is in the 
reasonable range of the ecosystem’s self-regulation. That is, pasture is used fully without 
grassland degradation. The ratio of forage to biomass is a key parameter for forage esti-
mation. However, few previous studies have referred to this parameter. Therefore, a field 
survey must be conducted to calculate the fraction of feed in aboveground biomass. 

Forage=AGB ×Ratio					     (9)

According to the above equation, the ratio is the key for estimating forage amount. 
The forage yield is affected by many factors, such as grassland types, utility period, utility 
type, grassland degradation situation and disasters. These factors are classified as shown 
in Table 13.2 (Liu, 2005). 



Conducting national feed assessments138

Therefore, the ratio of forage to aboveground biomass can be calculated using the 
following equation: 

Forage=AGB × f(x1) ×f(x2) ×f(x3) ×f(x4) ×f(x5) 			   (10)

where AGB, x1, x2, x3, x4, and x5 are aboveground biomass, grassland type, utiliization 
(grazing) period, utility type, grassland degradation status and disasters, respectively. 

13.5 Summary
In this report, we describe a basic and simple framework for a feed inventory system on the 
Tibetan Plateau that integrates remote sensing and in situ observations. The main workflow 
comprises:

1.	calculation of GPP and NPP on a regional scale, using a satellite-based VPM model, 
climate data and MODIS data at 50 m spatial resolution

2.	estimation of aboveground biomass on a regional scale, using existing algorithms 
or from statistical analysis of field survey data; in addition, we can calculate below-
ground biomass according to net primary production and aboveground biomass data

3.	calculation of available forage for feedstock from aboveground biomass according to 
previous studies or related results from fieldwork on the Plateau. 

It is very feasible to use such a remote-sensing methodology to update a livestock feed 
inventory on a regular basis. 

13.6 Acknowledgements
The literature review and writing of this document were supported by research grants from 
the US National Science Foundation (NSF) EPSCoR programme (NSF-0919466) and the US 
National Aeronautics and Space Administration (NASA) Land Cover and Land Use Change 
Program (NNG05GH80G). 

Table 13.2
Ranking factors and their values for forage estimation on the Tibetan Plateau 

Grassland types
Alpine steppe Alpine meadow

0.48* 0.58*

Utility period
Growing season Wither period Avoid grazing period

1.0 1.2 0

Utility type
Grazing Cradle

1.0 1.4

Grassland degradation 
No Slight Middle Severe

1.00 0.85 0.7 0.55

Disasters
No Slight Middle Severe

1.00 0.85 0.70 0.55

* These values are revised from the previous study (Liu, 2005)
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14.1 Introduction
It is predicted that the world’s population will increase by 2.3 billion over the next 20 years, 
and that this will be accompanied by an increase in the demand for animal products, 
namely milk, meat and eggs. A structured approach to planning for this increase in demand 
will be necessary if demand is to be met cost-effectively, with minimal social disruption 
and with minimal environmental impact. Part of this process requires an assessment of the 
available feedstocks and the requirements of the current livestock population, and this can 
be achieved by developing a livestock feed balance. Having done this, it is then possible 
to identify limitations to current levels of production and estimate the feed requirements 
for increasing production. A livestock feed balance can be undertaken at a local, regional 
or national level depending on policy requirements and the degree of accuracy required.

At its simplest level, a feed balance is a comparison between the requirements of live-
stock at any given time (demand) and the amount of utilizable feed (supply), and therefore 
provides a “snapshot“ of the current situation. However, a feed balance can also identify 
potential shortages in feed to meet increasing demand for food, and help identify types of 
feed materials that might be required where shortfalls are identified. Alternatively, where a 
feed balance identifies a surplus of feed, it can be used to estimate the additional livestock 
production that the surplus might support. 

This approach may also be undertaken to develop balances for specific nutrients. For 
example, phosphorus (P) is an essential nutrient that is often deficient in livestock diets, 
leading to reduced productivity and fertility. A phosphorus balance for a particular area or 
country can help identify where or when deficiencies might occur, and identify where and 
how much additional P may be needed to meet livestock needs and productivity targets.

Feed balances are usually calculated on an annual basis and, given that many feed 
crops, such as cereal grains, have an annual production cycle with one harvest, this may be 
appropriate. However, there is no reason why a feed balance may not be performed over 
a shorter period, and indeed there may be advantages in doing so in certain circumstanc-
es. For example, if there are periods of the year when the amount of natural grassland 
available for grazing animals is low, it may be appropriate to prepare a feed balance for 
those periods in order to establish the maximum potential livestock carrying capacity of a 
particular region when feeds are in limited supply. However, because the production cycles 
of many livestock systems do not equate to one calendar year, it is necessary to make 
adjustments to the feed balance to take account of the length of a particular cycle. For 
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example, the cycle for growing and fattening pigs from weaning to slaughter may be only 
about 20–24 weeks in intensive production systems, but this may be followed by a period 
when the fattening house is empty to allow for cleaning and general maintenance before 
the next feeding period begins. If a feed balance is being prepared on an annual basis, it 
will be necessary to include both the length of the production cycle and the non-productive 
periods in calculating annual feed requirements and livestock production.

14.2 Methods
In order to produce a feed balance, two sets of data and a number of processes need to 
be completed, and these are described below.

14.2.1 Estimating feed supply
Estimates of feed supply should be based on local, regional or national inventories. There 
has been considerable progress in developing techniques to estimate feeds available, and 
in particular forages. The merits or limitations of these are not discussed here, but depend-
ing on the specifications of the inventory and the way in which the available forages are 
quantified, it may be necessary to make adjustments for the following:

•	 Seasonality of supply
•	 Feed losses
Seasonality of supply: For many livestock, the availability of feeds may be reasonably 

consistent throughout the year. This will apply particularly to feeds such as cereal grains and 
conserved forages, where feeds can be stored without deteriorating in quality. However, in 
many regions a significant proportion of livestock, particularly ruminants, are kept under 
extensive farming systems, where the main or only feed may be native pasture. Seasonal 
changes in climate and growth stages of plants culminate in an annual cycle of forage 
production that peaks during the wet period and is severely limited during the dry period. 
As a result there may be periods of the year when grazing livestock are often unable to 
satisfy their nutritional requirements, resulting in lower growth rates and reproduction. It is 
important that where annual feed inventories are used, they are adjusted to take account 
of the peaks and troughs in supply relative to livestock numbers and their feed intake. 
Unless surplus feeds are conserved, e.g. forages conserved as silage or hay, then failure to 
do so may result in an over-prediction of available feed.

Feed losses: Despite the best husbandry and feed management practices, losses do 
occur; these are usually associated with harvesting and storage and in some circumstances 
these may be considerable. Some losses are inevitable, for example those associated with 
conserving forages (as silage or hay), where 30 percent or more of the dry matter may be 
lost as a result of field, storage and feeding out losses. Poor storage conditions for cereal 
grains, nuts and other crops can result in losses due to pest infestations and fungal con-
tamination. Not only do they result in direct dry matter loss, but many are associated with 
the transfer of disease or production of toxins. Again, failure to adjust a feed inventory for 
these losses may lead to an overestimate of feed available.

In addition to forages, livestock are fed a wide variety of feeds. These may include 
cereal grains and co-products of cereal processing, oilseeds and oilseed meals derived 
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from them, co-products of brewing and distilling, legume seeds, feeds derived from the 
manufacture of human food and animal products such as fish meal and processed animal 
proteins; collectively these are often termed “concentrates’’. In addition, tubers or root 
crops such as cassava, and co-products derived from processing such as sugar beet pulp, 
are frequently important feeds. Information on the quantities of these used in animal feeds 
may be obtained from a number of sources including import statistics, production records 
from compound feed manufacturers and feed merchants.

As with forages, some losses are inevitable as a result of transport, manufacture and 
storage, and it is important to include an estimate of these in any feed balance calculation.

14.2.2 Quantification of herd /flock numbers and production traits
In order to estimate the demand for feed, an estimate of the number of livestock in a 
region or country is needed. Where regional or national statistics are available, these should 
be used. However, in some situations reliable data may not be available, in which case best 
estimates should be obtained based on local knowledge of livestock production systems. 

Many feed and nutrient balances are based on census data, which provide an indication 
of livestock numbers at a given time. However, livestock numbers within a region might 
fluctuate considerably during the course of the year and, as a result, the use of data derived 
at one particular point in time may be misleading when applied to a full year. Where this 
is the case, adjustments in estimates of livestock numbers must be made, again based on 
local knowledge. 

In addition to data on livestock numbers, some estimate of productivity is required so 
that the amount of feed required to provide energy demands for maintenance, pregnancy 
and production can be calculated. For growing and fattening cattle, sheep, goats, pigs 
and meat poultry (e.g. broilers, ducks) this will require estimates of daily liveweight gain. 
In addition, data on the output of livestock products (eggs, milk and fibre, or wool) are 
necessary, while for reproductive (breeding) animals data on numbers of offspring are also 
required. In summary, production data are required to show:

•	 Productive life of mature animals;
•	 Numbers of animals at the beginning and end of the feed balance period (usually the 

beginning and end of the year;
•	 Herd or flock production measured as:

-- calving/lambing/kidding/farrowing frequency
-- lactation length
-- milk production
-- liveweight gain
-- output of animal products (milk, meat, eggs, wool);

•	 Adjustments necessary to account for climatic extremes or physical activity.
For most feed balances, it is sufficient to provide estimates of liveweight gain and 

product production in terms of their weight. Where data are available to show that milk 
composition varies significantly from the breed average, then information on the compo-
sition of milk, particularly the fat and protein contents, should be used, because energy 
requirements vary for milk of different composition. If detailed nutrient balances are being 
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undertaken, for example to establish a nitrogen balance, then data on the composition of 
animal products and liveweight gain will be necessary. In most cases, standard values for 
the composition of gain and livestock products will suffice.

14.4.3 Estimating feed requirements
Feed materials vary significantly in their concentration of nutrients and the contribution 
they make to meet the requirements of livestock. Energy is usually the first limiting compo-
nent in livestock diets, and for this reason feed balances are normally calculated in terms 
of the energy required by livestock and the energy supplied by feeds. Therefore the next 
step is to estimate the energy needed by the livestock identified in in paragraph 14.4.2. 

For each class of livestock, it is necessary to calculate the energy requirements for:
•	 maintenance;
•	 pregnancy;
•	 production (e.g. milk yield, liveweight gain, number of eggs produced); and
•	 in some situations, it may also be necessary to make adjustments for exercise and for 

extremes of climate (heat or cold), and for exercise where this is significant.
There is no one internationally accepted unit of energy, and different energy systems 

have been developed for different livestock groups. For ruminants, metabolizable energy 
(ME) is widely used as the measure of feed energy, while net energy (NE) values (expressed 
as either MJ or Mcal) are used in Denmark, France, Germany, Ireland, Netherlands, North 
and South America, and Switzerland. In principle, there is no difference between ME and 
NE systems; both accept that the overall energy requirement is the sum of their energy 
needed for maintenance, production (milk and liveweight gain) and foetal growth. How-
ever, they differ in how energetic efficiencies are embodied within the calculation. In the 
ME system, energetic efficiencies are used for ration formulation and the prediction of 
animal performance, while in the NE system energetic efficiencies are included as part of 
the energy evaluation of feeds.

For pigs and poultry, digestible energy (DE), ME and NE systems have all been proposed 
and are used in different countries. There have been long lasting debates as to the merits 
of each system, but in practice differences between systems in estimating total energy 
requirements for livestock are relatively small.

It is not the purpose of this chapter to review these various systems or to pass judge-
ment on their relative merits. What is important is that the system chosen is one which 
includes both estimates of requirements for the livestock production in the region/country 
concerned, and also provides tables of feed composition that are appropriate for the feeds 
that are available in the region or country in question. It is also important that the system 
chosen is one that the user is most familiar with and feels competent in working with. 

Systems providing both the nutrient requirements of livestock and the composition of 
feeds have been published by a number of national authorities, some of which are given 
at the end of this chapter. In addition, a number of breed companies provide nutrient 
requirements for livestock for particular strains or breeds.

Using the data on livestock numbers, together with information on reproduction rates 
and productivity, e.g. eggs produced, numbers of pigs sold or the amount of milk pro-
duced, the energy requirements can be calculated. This can be done on a daily basis and 
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scaled up to provide an annual estimate. Alternatively, where production data are available 
for a region or country, it is possible to calculate energy requirements on an annual basis. 
It can be done for an individual flock or herd, or on a regional or national basis depending 
on the scale of the feed balance, the need for precision and the data available.

Reference has been made to the publications that provide energy requirements of 
livestock and it is strongly recommended that these be used. However, where possible, 
in producing detailed feed balances, the following can be taken as indicative values for 
planning purposes:

Pigs
Energy required for growth 			  25 kg	 22 MJ ME/day
  at different live weights1:			   60 kg	 34 MJ ME/day
					     90 kg	 40 MJ ME/day
Energy required for pregnancy: 			   3,280 MJ ME per sow (total)
Energy required for lactation: 			   2,565 total2 per litter (total)

Poultry
Laying hens: 52 weeks of lay, 340 eggs:		  430 MJ ME/bird
0–17 weeks (pre-laying)				    72 MJ ME/bird
Meat chickens (broilers) to 6 weeks
  (LW ♀2.3 kg, ♂2.7kg): 				    54 MJ ME/bird

Sheep Goats Cattle

Liveweight LW (kg) MJ ME/kg LW/year

Energy required 
for maintenance

30 66 77

40 65 71

50 58 68

60 55 65

70 63

100 63

200 51

300 45

400 41

500 39

Ruminants

cont.
Notes:
1	 Derived from NRC (1998), Nutrient Requirements of Swine.
2	A ssumes a weaning age of 40 days.
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3 	A ssumes a 60 kg ewe carrying twins.
4	A ssumes dam carrying twins (total birth weight 7.9 kg).
5 	 ME requirements for maintenance and pregnancy of a 600 kg housed, pregnant,  
	 non-lactating cow gaining 0.5 kg /day liveweight in addition to the foetus for a 40 kg calf.
6 	A ssume a lactation of 3 months; milk requires 4.7 MJ/litre.
7 	 For standard milk containing 4% fat and 3% protein.

14.2.4 Estimating energy supplied from available feeds
The previous steps make it possible to estimate the energy requirements of the herd or 
flock on a farm or on a regional or national basis. However, because most feed inventories 
describe the amount of feed available in terms of dry matter (DM19), it is necessary to 
convert this to the same energetic terms, i.e. MJ ME or NE in the case of ruminants, or ME 
or DE for pigs or poultry. Again, these should be expressed on a DM basis. Tables of feed 
composition and nutritive value are widely available, and these should be used to calculate 
the amount of energy provided by the feeds available.

However, the intake of feeds is not unlimited, and in order to obtain an accurate esti-
mate of the contribution that feeds make in meeting the nutritional needs of livestock, it 
is necessary to include an adjustment to allow for variations in intake. 

Despite the considerable research that has been undertaken to identify the factors that 
determine how much feed an animal will consume, experts do not agree on the mecha-
nisms that control intake. It is clear, however, that a wide range of animal, feed and man-
agement characteristics influence intake, including:

•	 breed or strain of the animal/bird;
•	 age/weight;
•	 nutrient balance of the diet;
•	 accessibility to feed;
•	 health and welfare status;
•	 ambient temperature; and
•	 production level

19	 This is the weight of feed after all moisture has been extracted.

Sheep Goats Cattle

MJ ME/kg LW gain/day

Energy required 
for gain

< 3 months

> 3 months

< 6 months 26 – 34 26 – 36

> 6 months 41 – 49 37 – 49

< 1 year 19 – 26

> 1 year 32 – 42

Energy required 
for pregnancy

1 480 MJ ME per 
ewe (total)3

2,150 MJ ME per 
dam (total)4

14 420 MJ ME per 
cow (total)5 

Energy required 
for lactation 2 160 MJ ME total6 5.1 MJ ME/litre 5.3 MJ ME/litre7 

Ruminants (cont.d)
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In all livestock systems, the optimum feed intake will depend on the commercial goals of 
the enterprise within the constraints of the maximum potential intake of the animal or bird. 

Where there is good access to feed, and health and welfare are optimum, then pigs and 
poultry would be expected to consume about 4–4.5 percent DM of their body weight per 
day as young stock, reducing to 3 percent of body weight in mature animals.

For ruminants, maximum DM intake is also likely to be 4 percent of body weight in 
young animals, declining to 2–2.5 percent in mature animals. However, where forages are 
the main or only feed, voluntary intake will be significantly influenced by the digestibility 
of the feed. Low digestibility feeds take longer to progress through the digestive tract, and 
as a result low digestibility is reflected in lower intakes. 

In order to complete a feed balance, it is necessary to have an estimate of feed 
consumed, and the energy provided by it. However, predicting the intake of forages by 
ruminants has proved to be particularly challenging. A number of theories and equations 
have been developed to predict intake, many of them based on the digestibility of the 
forage, the amount of any supplementary feed, e.g. concentrate feeds, and the level of 
production. While they may be appropriate in many situations, an alternative approach 
for a feed balance is to use a form of reverse-balance calculation. Through this approach, 
the energy required for a given level of production – growth rate, milk yield, calves born 
etc. – is calculated. This is then divided by the energy concentration of the forage, after 
any energy provided by supplementary feeds has been discounted. This is illustrated below 
for a lactating dairy cow:

•	 Energy required for maintenance and production = 190 MJ ME/day
•	 ME provided by compound feed 1.8 kg DM at 12.5 MJ/kg DM = 22.5 MJ ME/day
•	 Energy from forages = 190 – 22.5 = 167.5 MJ/day
•	 ME content of forage = 10.5 MJ ME/kg DM
•	 Forage DM intake = 167.5/10.5 = 15.9 kg DM/day
In this example, dry matter intake is predicted as 15.9 kg/day but as discussed above it 

is necessary to allow for losses, and the estimate of the amount of feed required to sustain 
this level of production would need to be increased to adjust for these.

This approach can be used to calculate intakes on a daily basis for an individual animal, 
as illustrated above, but it can also be done for a herd of animals and on a monthly or 
annual basis. The choice will depend on the quality of the data available and the degree 
of precision required, although it should be noted that an annual estimate could lead to 
misleading conclusions where there is large seasonal variation in the amount of forage 
available. This approach can equally be used to make estimates of forage consumed on a 
regional or national basis, where data on the total output of milk or meat are available and 
the numbers of offspring produced are known. This approach is particularly appropriate for 
uniform categories of livestock such as lactating dairy cows or milking goats. 

14.2.5 Reconciliation
Having established quantities of feed materials available and feed required by livestock, a 
surplus or deficit can be calculated. A surplus may suggest the potential for further live-
stock production, although it is important to establish when and where the surplus occurs. 
A surplus of forages during a brief period of the year or in an area not suitable to livestock 
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production may not be fully utilizable unless livestock can be temporarily moved to the 
area. Alternatively, it may be possible to conserve the forage as silage or hay and used to 
supplement grassland when growth is low. In the case of a deficit, this can be rectified by 
increasing crop production or improving the efficiency of conservation of surplus forages 
by the purchase of feeds or a reduction in numbers of animals. 

Feed deficits may be covered by feed imports. However, feed importation is not without 
environmental consequences. Although increased imports can sustain more animals, the 
increased numbers of animals may also increase grazing pressures on pastures and range-
lands. Increased feed import also results in increased animal waste material and associated 
nutrients that must be appropriately managed. 

As in the case of India, computed feed balances may indicate growing feed deficits 
despite counter evidence that livestock productivities have increased (see Chapter 9). Such 
discrepencies may point to increased reliance on feed resources that are important but 
overlooked or underestimated in feed inventories. Examples might include crop residues, 
industrial by-products, roadside vegetation, fallen tree leaves, seedpods that have fallen or 
been shaken down from trees, cut tree branches and other poorly quantified, but increas-
ingly important feed resources in feed deficit situations arising from high livestock densities, 
intensive land uses, drought or severe winter weather. 

Although a feed balance can be assessed at a national level, greater accuracy will be 
achieved if it is done at local or regional levels and the results consolidated. Because of 
the different feeds for ruminant and non-ruminant livestock, it is recommended that rec-
onciliations are done separately for each species before producing a national feed balance.
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15.1 Introduction
Arguably, the problem of assessing feed availability for livestock on spatially extensive grass-
lands and rangelands is essentially the same as assessing sustainable carrying capacity for 
large herbivores in heterogeneous landscapes. The primary objective of both is the same, 
to determine how many animals can be sustained by accessible forage and water. This in 
turn determines the amount of secondary production the livestock can provide to humans. 
Ecosystem modelling has been used to assess carrying capacities and it could likewise be 
used to assess feed availabilities. 

There are many definitions of carrying capacity, but one would be that at carrying capacity, 
herbivores should not diminish the capacity of soils, vegetation and fauna to function 
together as an ecosystem. So defined, carrying capacity appears to be a straightforward 
concept. However, the task of defining what carrying capacity is exactly, and agreeing 
upon a method for calculating its value, is not easy. Definitions vary with management 
objectives, for example managing for maximum productivity, natural processes, or multiple 
and often conflicting uses of rangelands. More fundamental challenges arise due to the 
difficulty of calculating forage availability in temporally variable and spatially heterogeneous 
environments. Although remote-sensing data and GIS have enabled assessments of total 
vegetation productivity across space and time, additional complications arise concerning 
the consequences of that productivity for herbivores. Furthermore, herbivores affect 
numerous ecosystem processes through dynamic and interactive effects on plant growth, 
plant competition, nutrient cycling, organic matter decomposition, flows of water through 
plants and soil, competition or facilitation of other herbivores, and predation. These effects 
feed back onto the plants and herbivores at the ecosystem level of organization. Thus, 
an ecosystem approach is necessary to assess the effects of herbivory in the context of 
dynamic and spatially heterogenous landscapes.

There are substantial challenges in assessing feed availability on spatially extensive 
grasslands and rangelands. It is difficult to estimate feed availability simply by summing up 
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total plant biomass, much less total green plant matter or even net aboveground primary 
production. The first challenge is temporal variability. Biomass availability fluctuates sea-
sonally due to precipitation and snow cover. As a result, herbivores may be highly limited 
by the durations of low biomass availability. Forage quality also varies seasonally. Although 
green plants may constitute good forage, the same plants may provide little nutrition or be 
inedible when senescent. Second, forage quality varies among species. Some species are 
chemically or physically defended, or are avoided by herbivores for other reasons. Third, the 
fraction of total plant biomass or primary production that is accessible or usable by herbi-
vores varies spatially. Plant biomass may be unavailable due to lack of nearby drinking water, 
snow cover, inaccessible topography, competition with wildlife and barriers such as fencing. 
As a result of these temporal and spatial constraints on forage availabilty, herbivore densities 
are often considerably lower than would be predicted on the basis of total plant biomass. In 
northern Kenya, for example, less than 10 percent of forage was consumed by pastoral live-
stock, yet forage was still a limiting factor to livestock densities (Coughenour et al., 1985). 

Herbivore populations are often limited by the amount of forage that is available on a 
limited portion of the landscape during dry seasons and winters. In many pastoral grazing 
systems, there are “dry season grazing reserves”. These are often areas that are less desir-
able to use during the growing season for some reason, such as overly warm temperatures 
at lower elevations, long distances to water or difficult topography. In northern Kenya, 
for example, livestock populations were limited to forage in locations that were little used 
during wet seasons (Swift et al., 1996), which is why a small fraction of the forage in the 
whole system was consumed and why the herbivore population was smaller than might be 
expected given the apparent abundance of forage during the wet season (Coughenour et 
al., 1985; Ellis and Swift, 1988). Limiting areas of this sort have been termed “key resource 
areas” (KRAs) (Ilius and O’Conner, 1999, 2000).

Ecosystem modelling is a powerful approach to assessing herbivores in ecosystems, 
both with respect to their responses to forage and other resources as well as their effects 
on vegetation and other ecosystem components. Several features of this approach make 
this possible. First, such models represent processes and outcomes of those processes as 
related to flows of biomass, nutrients, water and energy among soils, decomposers, plants, 
herbivores and the atmosphere. These flows include those which determine forage produc-
tion and forage utilization by herbivores. Second, such models are dynamic. They represent 
important variations in time, among seasons and among years, as driven by fluctuations 
in temporally varying driving variables, particularly weather. Variances between wet and 
dry seasons, and warm and cold seasons all affect forage availability to herbivores. The 
durations and frequencies of food shortages are critical determinants of net outcomes for 
herbivores. Third, it is possible for such models to represent spatial heterogeneity. The spa-
tial distributions of forage and water determine their availabilities, inasmuch as the spatial 
distributions of herbivores in space and time must intersect with the spatial distributions of 
these two critical resources. Fourth, models can be used to assess ranges of possible out-
comes for herbivores due to ranges of variation in weather and management. Instead of a 
single number for forage supply, a range of outcomes might be anticipated. Fifth, issues of 
sustainability can be addressed at the ecosystem level. This entails continued viability of the 
entire food production system, inclusive of ecosystem services and biodiversity.
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The objective here is to illustrate the ecosystem modelling approach by describing the 
application of such a model to assess an ecosystem supporting a population of large her-
bivores in western North America. A brief case study of the application of the model to 
a free-ranging horse population in the Pryor Mountain Wild Horse Range (Coughenour, 
1999) shows the potential of ecosystem modelling to assess feed availabilities in spatially 
extensive grasslands and rangelands characterized by temporal variability and spatial het-
erogeneity. 

15.2 The Ecosystem Model
SAVANNA is a spatially explicit, process-oriented, multi-species model of grassland, shrub-
land, savanna and forested ecosystems. It was first developed to represent a spatially 
extensive pastoral ecosystem in northern Kenya (Coughenour, 1992). The model has since 
been applied to a wide variety of ecosystems (e.g. Boone et al., 2002, 2004, 2005; Boone, 
2005; Christensen et al., 2003; Coughenour, 1999, 2002, 2005; Kiker, 1998; Leidloff et. 
al., 2001; Ludwig et al., 2001; Weisberg et al., 2002, 2006). SAVANNA is an integrated 
modelling aproach, paying equal attention to animals, plants and their interactions (Weis-
berg et al., 2003). The overall structure of the model is shown in Figure 15.1. Details and 
applications of the model can be found at www.nrel.colostate.edu/projects/savanna/. 

The spatial structure is a mosaic of grid-cells that covers landscapes or regional-scale 
ecosystems (Figure 15.2). Primary spatial inputs include GIS layers representing: 1) weather; 
2) topography; 3) vegetation types and attributes; 4) herbaceous biomass; 5) woody cover 
and sizes; 6) soil types and attributes; 7) herbivore range maps, 8) distance to water; 8) 
fires. Animals, water, and fire can “move” across the landscape in the model. In order to 
carry out simulations in a reasonable time frame on workstation class computers, the total 
number of grid-cells is limited to between 10 000–100 000. Thus, when larger study areas 
are simulated, grid-cells must be larger. The model runs on a weekly time step, which is suf-
ficient for capturing critical intra-annual and seasonal dynamics, but much less demanding 
than a daily time step. The model is normally run for 10–100 year time spans. 

Monthly or weekly weather data from all stations in the study area are read into the 
model. The model computes precipitation and temperature maps from the point data as it 
is running, using elevation corrected spatial interpolation. A water balance model simulates 
soil moisture in three layers. 

The site water balance submodel simulates soil moisture dynamics and use on each 
patch type on each grid cell. A soil map is used in conjunction with soil properties for 
each soil type to determine soil water holding capacities of each subarea. Water is routed 
to three soil layers using a simple “tipping bucket” approach that drains water in excess 
of field capacity to deeper layers. The water budget includes terms for precipitation, inter-
ception, runoff, runon, infiltration, deep drainage, bare soil evaporation and transpiration. 
Transpiration is an outcome of stomatal conductance, leaf area, humidity and radiation. 

Snow water content is simulated by adding to the snow pack when there is precipita-
tion with temperatures below freezing, and melting from the snow pack based on temper-
ature and solar radiation. Snow depth is derived from snow water content. Increasing snow 
depths impedes herbivore forage intake rates. Because precipitation and temperature vary 
with location and elevation, snow depths also vary with location and elevation. 
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Normally 3–10 plant functional groups are simulated, where functional groups are usu-
ally defined in terms of life form (herb, shrub, tree), leaf longevity (deciduous, evergreen) 
and palatability. Plant biomass, functional group composition and woody cover are initial-
ized on the basis of a vegetation map and a corresponding lookup table linking vegetation 
type to these attributes. 

Figure 15.1
SAVANNA model structure

Figure 15.2
SAVANNA spatial structure

Source: R. Boone (graphics)

Source: R. Boone (graphics)
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The net primary production (NPP) submodel simulates plant biomass flows and 
dynamics. Photosynthesis is modelled as a function of light, temperature, soil moisture, 
and plant nitrogen content. Respiration is separated into growth and maintenance 
components. Herbaceous NPP is allocated to leaves, stems and roots. Woody plants allocate 
NPP to leaves, fine branch, coarse branch, fine root and coarse root. Water demands are 
derived from the transpiration calculation. Nitrogen (N) demands are calculated based 
on the concentration of inorganic soil N. Root water and N uptakes to supply demands 
are allocated among soil layers in proportion to the products of available resources and 
root biomass in each layer. Predictions of plant biomass dynamics and primary production 
have compared favorably with available data in every application of SAVANNA. In most 
cases, available data at least include peak biomass over 3–5 years (e.g. Coughenour, 
2005). Ideally, data for intraseasonal dynamics of live and dead biomass are used (e.g. 
Coughenour, 1999). 

The woody plant population submodel simulates plant establishment, size and mortality 
in six age classes of aboveground stems. The sizes of stems in each age class are deter-
mined by growth histories, including exposure to fire and herbivory. Allocation of NPP in 
woody plants is tied to plant size through allometric relationships. The model represents 
woody plant morphometrics (dimensions and biomass) for six size classes of plants. These 
include dimensions for crown diameter, stem diameter, height and rooting zone area or the 
root biomass density per square meter of soil. Biomass values are specified for leaves, fine 
branches, coarse branches, coarse roots and fine roots for each of the size classes. 

A decomposition and N-cycling submodel based on CENTURY20 (Parton et al., 1987, 
1998), simulates litter breakdown and the formation and turnover of soil organic matter 
(SOM). Decomposition and mineralization rates are affected by temperature and soil mois-
ture. The CENTURY decomposition model is quite general, and has been validated in many 
different environments globally. Soil carbon and nitrogen values are initialized by soil types 
on the input soil map. 

The herbivore models simulate multiple animal species or functional groups. Each 
species or group is modelled individually, with separate parameters describing body size, 
energy requirements, foraging, demography, and so on. Herbivore forage intake is pre-
dicted as a function of animal body size, forage biomass (the functional response), and 
forage quality (due to decreased rate of passage in ruminants at low quality). Body size and 
digestive physiology effects on forage intake rate and forage quality are explicitly included. 
A diet selection submodel distributes herbivory among plant types and tissues using dietary 
preference weights. 

The energy balance of the animal is a simulated outcome of energy intake and expend-
iture. An animal condition index is derived from resultant body weight gains and losses. 
Energy intake depends on forage biomass intake and forage energy content. Energy 
requirements can be expressed in terms of the digestible energy (DE), metabolizable energy 
(ME) or net energy (NE). The fraction of the gross energy content of forage that is undi-
gestible is excreted as faeces. The DE fraction is the energy that is actually digested. Of the 

20	 The CENTURY model is a general model of plant-soil nutrient cycling which is being used to simulate carbon 

and nutrient dynamics for different types of ecosystems including grasslands, agricultural lands, forests and 

savannas.
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amount digested, some is lost to urine and, in ruminants, to fermentation gases (methane) 
produced by rumen microbes. The energy left after these losses is the ME, which is used for 
maintenance, weight gain, gestation and lactation. Additional costs of walking and other 
activities can also be considered.

Herbivores are dynamically distributed in space using a dynamic habitat suitability index 
(HSI) model that dynamically distributes animals in proportion to the distribution of HSI, 
which is in turn computed from the potential rate of energy intake, green forage biomass, 
topography, woody cover and distance to water. The HSI formulation can be heuristically 
based upon known habitat preferences and logistic regression. Recently, Mahalanobis dis-
tance weighting21 has been used (de Knegt et al., 2010). Seasonal migrations are modelled 
by designating the seasonal ranges and making movements among ranges dependent on 
relative habitat conditions. 

15.3 Case Study
15.3.1 Study area
The Pryor Mountain Wild Horse Range (PMWHR) is located on the border between Montana 
and Wyoming, east of Yellowstone National Park. The PMWHR landscape is topographically 
diverse, with elevations ranging from 1 200 to 2 400 m. As a result of this elevation gradi-
ent, climatic conditions vary markedly with respect to temperature, precipitation and snow 
conditions. A complex and active geologic history has created a high diversity of geological 
substrates, including limestones, sandstones, shales, siltstones and granites. The vegetation 
of the PMWHR is diverse (Figure 15.3), primarily due to the large elevation and associated 
climatic gradient, but also due to the wide variety of soils and substrates and patterns of 
water redistribution on the landscape. Desert shrubland occurs at the lowest elevations 
(<1  200 m), sagebrush steppe occurs at 1  200–1  600 m, juniper/mountain mahogany 
shrublands and woodlands occur on very shallow soils at 1 100–1 550 m elevations, and 
coniferous forests occur at higher elevations above 1 600 m. An early census taken in 1970 
prior to any removals totaled 270 horses. Numbers were reduced to the 100–120 range in 
the 1970s–80s through to the present. The range is shared with bighorn sheep, and mule 
deer and horse competition for forage with the bighorn sheep has been a concern. 

15.3.2 Model implementation 
The model was parameterized and input data sets were developed for the study site. The 
objective was to use the model to simulate historic and current scenarios of vegetation and 
herbivore management. The model would be used to estimate herbivory effects on vege-
tation and soils, and herbivore population responses to alternative management policies. 

Six functional groups of plants were simulated; grasses, forbs, shrubs, mountain 
mahogany (Cercocarpus), juniper and coniferous tree. These groups were chosen to meet 
the objectives of this modelling analysis without making the model overly complex.

Three horse herds were modelled and limited to observed seasonal ranges. Seasonal 

21	 Mahalanobis distance weighting is a procedure that measures the relative suitability of a habitat with respect to 

the known preferences of a species for multiple habitat variables.
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movements were modelled as dynamic responses to changing forage and snow condi-
tions, with a seasonal avoidance of low elevations in summer. Habitat suitability increased 
with forage biomass and forage energy intake rate. Horses were assumed to prefer areas 
with moderate topography. Water is a major determinant of horse distributions during 
the spring, summer and autumn, while snow is available to horses during winter, allowing 
horses to use virtually all of the horse range. The model was parameterized so that there 
was a high preference for water less than 1.5 km distant, declining with greater distances 
so that areas beyond 6 km of water were considered unuseable. 

Bighorn sheep were kept within observed seasonal ranges and redistributed within the 
ranges in relation to forage biomass, forage energy intake rate and topography (escape 
terrain). Mule deer were present during the winter and had access to the entire landscape, 
but avoided steep slopes.

The capability of the model to predict herbaceous shoot biomass and leaf nitrogen 
dynamics was tested through comparisons of simulated results with field data for plant 
biomass dynamics (Detling et al., 1996). Optimally, a dynamic model such as this one, which 
aims to simulate seasonal dynamics, is tested against data which show these dynamics. Fur-
thermore, to assess total productivity and grazing impacts on vegetation, grazing exclosures 
need to be employed. Data were taken inside and outside of each exclosure. Live and dead 
shoots of grasses and forbs were measured, along with leaf N concentrations. An example 
comparison of simulated and observed data at one exclosure is shown in Figure 15.4. 

Desert Shrub

Grassland    

Sagebrush steppe

Juniper woodland

Juniper-Mountain Mahogany woodland

Mountain Mahogany woodland

Douglas Fir Forest

Spruce-Fir Forest

Agriculture

River    

Unknown - canyon wall

Spruce_Fir (Sparse or Woodland)

Douglas-Fir (Sparse or Woodland)

High Elevation Grassland (>2 000 m)

Riparian Woody

Limber Pine

No data

Figure 15.3
Vegetation heterogeneity on the PMWHR
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15.3.3 Example results
The main purpose here is illustrate the types of outputs that are provided by this type of 
model. It is necessary to examine graphical outputs that show both temporal dynamics and 
spatial heterogeneity to reveal the capability to address the major challenges of assessing 
feed availabilty in spatially extensive grasslands and rangelands. 

With respect to temporal variations, Figure 15.5 shows the temporal dynamics of her-
baceous biomass over three decades. The important features to note are the magnitudes 
of the inter-seasonal and inter-annual fluctuations, which are significant determinants of 
feed availability. Figure 15.6 shows the temporal responses of forage intake rate to feed 
availability, as affected by biomass, snow cover and animal locations. Figure 15.7 illustrates 
the resultant dynamics of animal condition in response to fluctuations in forage availability 
and intake rates. 

With respect to spatial heterogeneity, Figure 15.8 exemplifies model predictions of 
the distribution of potential forage biomass across the landscape, in terms of net annual 
primary production (NAPP). Figure 15.9 shows the predicted spatial distributions of horses 
year-long. Figure 15.10 then shows the combined results of animal distributions and plant 
growth distributions for percent offtake. 

15.4 Conclusions
The application of a spatially explicit ecosystem model to a landscape in North America 
inhabited by free-ranging herbivores illustrates both the challenges of assessing feed avail-
abilities in spatially extensive grasslands and rangelands, and the potential of the ecosystem 
modelling approach to address these challenges. The model has been applied to similar 
situations elsewhere. 

Figure 15.4
Comparison of simulated (lines) and observed (points) data at one exclosure site

Note:
Solid lines and filled points – grasses.
Dashed lines and open points – forbs.
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Figure 15.5
Temporal variations in grass and forb biomass

Figure 15.6
Temporal variations in forage intake rate in response to fluctuations in feed availability
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Spatial distribution of aboveground net primary production (ANPP)
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Feed availability was assessed, first of all, by predicting plant production and biomass 
dynamics based on weather, soil properties, and vegetation composition and cover. Plant 
growth was tightly linked with soil water balance, which is particularly important in 
water-limited grasslands and rangelands. Seasonal and inter-annual fluctuations in plant 
biomass quantity and quality were predicted as a result of corresponding variations in 
precipitation and temperature. Temporal variations included variations in live versus senses-
cent biomass, and variations in tissue nitrogen and digestible energy contents. The spatial 
distributions of plant growth were outcomes of the spatial distributions of weather and soil 
properties. Precipitation and temperature maps generated from spatial interpolation, along 
with soil properties, were the principle driving variables for temporal and spatial variations 
in plant productivity. 

The problem of there being multiple plant types with varied values for herbivores was 
addressed by simulating multiple plant functional groups. Herbaceous plants were distin-
guished from woody plants, which is of major significance in distinguishing feeds available 
to grazing versus browsing herbivores. Futhermore, leaf biomass of woody plants may 
have been out of reach of browsing herbivores due to height above the ground, which is 
simulated by virtue of woody plant sizes. 

Availabilities were also predicted to be constrained by the overlaps of simulated animal 
distributions with simulated plant biomass distributions. Animal distributions were con-
strained by distance to water, topography and snow, and they were affected by animal 
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selectivities for areas with greater forage quantity and quality. The juxtaposition of plant 
and animal distributions in time determined foraging opportunities, with subsequent 
impacts on forage intake rates. 

The simulation of animal energy balance was central to predicting potential animal 
production responses to feed availability. In the context of this document, this has signif-
icant implications for assessments of the consequences of feed availability for livestock 
production. What the model accomplishes is essentially equivalent to a dynamic calculation 
of feed balance, the balance between animal nutritional intake versus requirements. Here, 
the feed balance was affected by spatial and temporal variations in feed availability, which 
in turn was affected by many environmental variables, including vegetation, topographic 
and snow cover variations.

The concept of key resource areas was addressed by simulating the temporal and 
spatial variations in forage quantity and quality just described. As dry seasons progress, 
or as winter conditions deteriorate, actual “forage“ – as opposed to biomass – becomes 
increasingly limited in its spatial extent to areas with soil moisture reserves, areas that have 
not been grazed yet, and areas that are otherwise located in less desirable locations due to 
topography, distance from water or other factors. The spatial extents of these areas vary in 
the model inasmuch as the spatial extents of simulated resources (especially soil moisture) 
vary spatially and temporally.

Although the technological and data demands on the ecosystem modelling approach 
are currently daunting, ultimately it will become feasible to implement this approach quite 
readily. Data availability is increasing due to advances in remote-sensing and GIS capabili-
ties. Computational limitations continue to be be lifted with hardware advances. What is 
most limiting is modelling expertise. 
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16.1 Introduction
With changing climate, increasing human population and changes in land cover/land use, 
a comprehensive quantification of livestock feeds is needed at national level in order for 
countries to develop policies for maintaining or increasing livestock production. This infor-
mation can also be used for feed and livestock management in the case of drought or other 
disasters. For many developing countries, grassland and rangeland vegetation comprise 
a large component of the feed that is potentially available for livestock use. Worldwide, 
rangelands occupy almost 50 percent of the terrestrial land cover, and provide almost 75 
percent of the forage used by domestic livestock (Brown and Thorpe, 2008). Moreover, 
livestock production from grasslands and rangelands can be a significant contribution to 
the overall gross domestic product (GDP) in developing countries. However, because of the 
generally large land areas occupied by grasslands and rangelands, their remote locations 
and the diverse mix of livestock species that graze these lands, quantification of vegetation 
biomass for feed inventories can be challenging. 

For grasslands and rangelands, the amount or quantity of forage biomass is not the only 
important factor influencing livestock production. An assessment of forage quality is also 
needed because this influences the forage intake of grazing animals and ultimately animal 
performance. Forages that are in large quantity but have low quality can reduce animal 
performance or not be utilized because the forage is not palatable to the grazing animals. 
Forage quality can vary seasonally with topography and with changing plant communities 
across the landscape (Wofford et al., 1985). Measuring forage quality poses challenges 
because of selective grazing by livestock (i.e. in a mix of plant species, the animal selects 
the plants it prefers to eat) and the ability of animals to graze across large distances, thus 
potentially encountering multiple plant species/communities and topographic positions 
along the way. 

For both forage quantity and quality assessments, an array of methods has been devel-
oped for measurement that vary in level of accuracy, time spent in the field and logistical 
implementation. For forage quantity measurements, methods include direct measurements 
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of vegetation, estimation with proxy variables, simulation modelling, or various combi-
nations of these methods. For forage quality measurement, direct and indirect methods 
are available in addition to nutritional balancing and least-cost ration software for use in 
devising supplemental feeding strategies. 

Logistics, costs, timing of data collection and available personnel each influence the 
choice of method. The purpose of this review is to provide an overview of the technologies, 
tools and methodologies that are currently available for forage quantity and quality evalua-
tion in grasslands and rangelands that can be used for national feed inventories. Methods 
using field-based techniques, remote sensing, simulation models and decision-support 
tools for assessments of forage quality and quantity are reviewed, and advantages and 
disadvantages as they relate to national feed inventories are discussed. Factors such as 
distance to water and terrain that influence forage availability are reviewed and examples 
given on how this information can be used in assessing forage usability and in calculating 
stocking rates. In order for a national feed inventory programme to be able to deliver time-
ly and geographically relevant data to stakeholders, data management, storage, quality 
control and integration need to be considered. A general overview of these requirements 
is also be provided. 

16.2 Overview
16.2.1 Field techniques for assessing and  
monitoring forage quantity and quality 
Field techniques are the most accurate methods for assessing forage quality and quantity 
on rangelands. However, field techniques generally require a large amount of time and 
resources for data collection, especially if data are needed on a yearly basis. Logistics, costs, 
timing of data collection, available personnel, type of grazing animal and plant community 
each influence the choice of method. An overview of some of the more widely used tech-
niques for forage quantity and forage quality assessments is presented below. 

16.2.2 Forage quantity assessment
A major consideration in assessing forage quantity for a national feed inventory on 
rangelands and grasslands is to define the vegetation biomass that will be measured to 
represent the inventoried “feed”. Because grazing animals consume vegetation based on 
their preference for particular species in a mix of plants on the landscape, the biomass to 
be measured in the field should reflect the biomass that is generally grazed by the animal 
of interest. The aboveground vegetation biomass that is produced by all plant species at 
a given site during a single growing year can be defined as total annual production (Her-
rick et al., 2005). However, total annual production does not reflect the availability or the 
palatability of the biomass to the grazing animal. Total annual forage production can be 
defined as the aboveground biomass from the plant species that is likely to be consumed 
by the grazing animals (Herrick et al., 2005). The quantity of total annual forage produc-
tion can be quite different for a given site depending on the grazing animal. For example, 
on a grass-dominated site, total annual forage production is greater for a cow than for 
a goat because cattle generally prefer to consume grasses rather than shrub vegetation 
(Photo 16.1). The opposite is true on a shrub-dominated site, because goats tend to prefer 
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to browse trees and shrubs compared with herbaceous vegetation (Photo 16.1). In addi-
tion, availability of forage to the grazing animal must be considered. Plants that are too 
tall or inaccessible to the grazing animal should not be included in the inventory. There-
fore, prior to field data collection for a forage quantity assessment, the grazing animals 
of concern must be identified in order to develop a sampling protocol that considers the 
plant species that are consumed by the livestock and the availability of those plants to the 
grazing animal (USDA, 2003). 

Time of year for the forage quantity assessment is another major consideration. The 
productivity of plants at a given site or across regions can vary throughout the year due to 
variations in plant species growth cycles and due to climatic variability (Herrick et al., 2005). 
Generally, the inventory should be conducted when the majority of plant species under 
consideration are at peak biomass. At the time of sampling, the measured biomass may 
require adjustments to reflect biomass that has already been removed by grazing animals 
or that has not yet been produced (USDA, 2003). 

Methods for biomass measurement include direct measurement techniques where bio-
mass is sampled and weighed, estimation techniques where the weights are estimated by 
the observer, or a combination of these methods. 

16.2.3 Direct measurement techniques
One of the most common methods for direct measurement of forage production on grass-
lands and rangelands is the quadrat method. A quadrat is a circular, square or rectangular 
frame of a known area that is placed on the ground and the vegetation biomass within 
the quadrate frame can be clipped and removed for weighing (Photo 16.2). For herbaceous 
plants (grasses, grass-like plants and forbs), aboveground plant parts such as leaves, stems, 
inflorescenses and fruit are clipped/removed from within the quadrat (USDA, 2003). For 
woody trees and shrubs, only the current year’s growth (leaves, twigs, fruits) is sampled 
within the quadrat. However, Catchpole and Wheeler (1992) caution that quadrat sampling 
for trees and large shrubs may not be practical where spatial variability is high, and that 
other techniques such as estimation may be more useful. 

Photo 16.1
When grazing, cattle generally prefer to graze grass or herbaceous vegetation (top) while 
goats prefer to graze trees and shrubs (bottom)
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After clipping, samples are usually oven-dried to remove water so that biomass can 
be expressed on a dry matter basis. Since the area of the quadrat is known (e.g. 0.5 m2), 
the dry weight (e.g. kg) of the biomass can then be extrapolated to a larger areas (e.g. kg 
of biomass/ha) to obtain an estimate of vegetation biomass for the site of interest. Prior 
to clipping, the vegetation within the quadrat may also be evaluated for other important 
vegetation characteristics such as plant species composition, cover, frequency and litter 
biomass. 

Transect lines can be used to assist in establishing a baseline from which quadrat sam-
pling can occur (Photo 16.3). The transect start and end points can be georeferenced with 
a Global Positioning System (GPS) so that the transect can be located again in subsequent 
visits to the site for long-term monitoring and for assessing vegetation and productivity 
changes. 

The length of the transect, size and shape of the quadrat used, and the number of tran-
sects and quadrat samples collected for measuring vegetation biomass at a site of interest 
depends on several factors. These include the lifeform of the vegetation (e.g. tree, shrub, 
forb or grass), the spatial distribution of the vegetation on the landscape (e.g. sparse or 
dense) and the logistics of collecting data at the site. For example, smaller quadrats (0.1 
to 1.0 m2) can be used to sample herbaceous vegetation like grasses and forbs. Larger 
quadrats (2.0 to 500 m2) can be used to sample shrubs and trees. For clumped or patchy 
vegetation, a long rectangular quadrat is recommended to reduce bias in sampling clumps 
versus bare ground. The number of quadrats required to sample a specific site is related 
to the size of the quadrat, but also depends on the vegetation type, spatial variability 
and, ultimately, the logistics and costs of sampling the area of interest. The greater the 

Photo 16.2
A 0.5m2 quadrat used for measuring vegetation biomass on rangeland vegetation
Note: Vegetation within the quadrat is clipped and placed in a paper sack that is marked with sample plot 
information; after clipping, the bag is taken to the laboratory, dried and weighed to obtain dry matter weight.
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spatial variability of the vegetation, the greater the number of quadrats samples needed to 
increase precision of the biomass measurements (Catchpole and Wheeler, 1992). Statistical 
techniques for calculating sample size can be used to assist with determining the optimum 
number of samples. Bonham (1989) provides a description of techniques and procedures 
that can be employed to determine optimal quadrat size and number of quadrat samples 
needed for various vegetation types. 

16.2.4 Estimation techniques
The time required for clipping a larger number of quadrats and the large number of 
samples that require drying and weighing makes direct measurement of forage biomass 
cost-prohibitive for a national feed inventory programme. Estimation techniques are 
employed to reduce the number of clipped samples and to reduce the amount of time 
needed to sample each location. Two popular methods that have been developed for esti-
mation of forage biomass in rangeland vegetation include the weight unit method and the 
double sampling method. 

For the weight unit method (USDA, 2003), a weight unit is established for each of the 
plant species occurring in the area of interest. The weight unit can be a whole plant, a plant 
part or a group of plants, and the size and the weight will vary with the size of the plant 
(e.g. grasses and forbs can be of smaller size and weight than a weight unit for a shrub 
species). Once the weight units are established, field personnel calibrate their estimation by 
visually selecting a plant or plant part that has weight equivalent to the weight unit. The 
plant biomass is then harvested, weighed and compared with the weight of the weight 
unit. This process is repeated until personnel can accurately estimate the weight unit. Once 

Photo 16.3
A quadrat clipped at a placement along a line transect
Note: An extended fiberglass tape measure, as depicted here, can be used as the reference for the transect line in 
grassland vegetation
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the calibration is completed, quadrat sampling is conducted in which the number of weight 
units of each plant species within the quadrats are estimated and recorded. The quadrat 
is then clipped by species to compare the harvested species weights against the weight 
units. This process is repeated until a reasonable level of accuracy is obtained between the 
weight unit estimation and clipped biomass for the quadrat. Once obtained, the biomass 
weight in the quadrats is estimated with weight units only. Quadrats can be clipped period-
ically to ensure that accuracy is being maintained. The harvested plant biomass is kept and 
later oven dried and weighed to calculate a dry matter conversion factor. The weight unit 
method can allow rapid sampling of a site once the estimations by personnel are calibrated 
and it reduces the number of samples that need to be clipped and subsequently weighed, 
thus reducing overall time and effort for sampling. A detailed description of this method 
can be found in the United States Department of Agriculture National Range and Pasture 
Handbook (USDA, 2003).

Double sampling methods generally involve development of a statistical relationship 
between biomass and visual estimates or an easily measured variable such as plant cover, 
height or age (Catchpole and Wheeler, 1992). To develop the statistical relationship, the 
visual estimate or measurement of the easily measured variable is collected at a number 
of sample points where biomass is clipped and weighed. A regression equation can then 
be developed between the easily measured variable and the biomass weights. Intensive 
sampling can then be conducted for the easily measured variable and the regression equa-
tion used to convert the measurements to biomass, thus reducing the need for additional 
clipping of vegetation. In developing the regression equations, initial sampling should be 
done to capture the range of both vegetation biomass and the easily measured variable. 

A large number of double sampling techniques have been developed for estimation 
of forage biomass on rangelands. Catchpole and Wheeler (1992) provide an excellent 
overview of such techniques that use easily measured variables combined with a discussion 
of the advantages and disadvantages of each technique with regard to cost, accuracy, 
vegetation structure and variability. Herrick et al. (2005) provide an overview of double 
sampling using visual estimation for use in arid and semi-arid grassland, shrubland and 
savanna ecosystems.

16.2.5 Landscape stratification and scaling up
In developing a programme for quantifying rangeland forage biomass for a national feed 
inventory programme that uses direct measurement or biomass estimation techniques, it is 
necessary to develop a sampling framework that encompasses the range of plant commu-
nities and vegetation types that are grazed by livestock. It is also necessary to optimize the 
number of sample locations to reduce costs and ease logistical constraints. From the local 
to national level, a stratification scheme needs to be developed to ensure that sampling 
is representative of the vegetation types and productivity at each scale. The stratification 
needs to be designed where biomass results could easily be scaled up and aggregated to 
the regional and national levels in a spatially coherent manner. The use of spatial data lay-
ers such as digital elevation models (DEMs), soil and vegetation maps, and satellite images 
within GIS software assists in defining monitoring units having relatively uniform soils, 
vegetation and management characteristics (Herrick et al., 2005). Logistical constraints 
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such as road access, travel time and security are also factored into the GIS to delineate a 
manageable number of monitoring units to meet the goals of the national inventory. Field 
teams then conduct field sampling for forage quantity assessment in each of the monitor-
ing units. Forage biomass (kg/ha) measured in each monitoring unit are then converted to 
total kilograms per monitoring unit through multiplication of the measured biomass and 
the area (ha) of the monitoring unit. A simple aggregation to the national level is then 
conducted by summing the forage biomass (kg) across all monitoring units in the nation, 
thus providing a national estimate of biomass (kg or tons) for the entire country. However, 
a more complex aggregation method probably needs to be employed to represent forage 
biomass for different kinds of livestock (e.g. cattle, sheep and goats). In addition, forage 
biomass amounts need adjustments for factors that reduce accessibility of livestock to 
graze forage biomass such as steep terrain, water availability and restricted access (e.g. 
national parks or conservation areas). 

16.2.6 Forage quality assessments
Forage quality can be defined as the “degree to which a forage meets the nutritional 
requirements of a specific kind and class of animal” (Allen and Segarra, 2001). The assess-
ment of forage quality for livestock management is important because forage quality is 
a primary driver for maintaining animal condition, reproductive health and livestock pro-
ductivity which, in turn, influences economic return (Fales and Fritz, 2007). Moreover, the 
quality of the forage influences palatability, and therefore intake of forage by the grazing 
animal. Although forage quantities may be high, the vegetation may not be grazed due 
to the low quality of the available forage, thus reducing animal productivity and increasing 
use in areas with higher quality forage.

Because of the large land areas that rangelands/grasslands occupy, the diversity of the 
vegetation and grazing animals, movement of animals across the landscape and the vari-
ety of livestock management practices used by producers, assessment of forage quality in 
rangeland and grassland situations can be challenging. Like assessments for forage quanti-
ty, different direct and indirect methods have been developed to assist in assessing forage 
quality. A basic overview of these methods and their potential for use in a national feed 
inventory programme is provided below.

16.2.7 Direct methods
Because grazing animals are selective in their choice of which plants to eat, one cannot 
simply analyse the plant biomass that is on offer and expect to obtain meaningful results 
of forage quality. Direct methods to assess forage quality generally involve observing ani-
mals while they are grazing and attempting to recreate the diet they have eaten, or to 
use esophageal or rumen fistulated animals where the forage eaten can be recovered and 
examined for quality. Observation methods include hand plucking (Devries, 1995; Kiesling 
et al., 1969; Langlands, 1974) and bite counts (Glasser et al., 2008; Ortega et al., 1997; 
Timmons et al., 2010). 

Hand plucking involves following and observing the animals as they graze and then 
hand plucking similar plant parts from where the animals had grazed. The hand plucked 
samples can then be analysed for forage quality indicators such as crude protein, digestible 
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organic matter, fiber, macronutrients and ash. Bite count methods involve following the 
animals and recording the number of bites the animal takes from specific plant species and 
plant parts (e.g. leaf, stem or flower) and recording the size of the bite. The recording is 
usually done into a voice recorder and transcribed immediately after the observation ses-
sion (Glasser et al., 2008; Timmons et al., 2010). After each observation session, samples 
are collected from plants similar to those eaten by the grazing animal. The samples are 
either clipped or hand plucked and the amounted sampled is in proportion to the bite sizes 
recorded and the observed plant parts eaten by the grazer. The samples are then analysed 
for forage quality indicators. 

Both the hand plucking and bite count methods have limitations for application in a 
national feed inventory. For example, both methods are very time-consuming and require 
the use of relatively tame animals in order to be able to observe the grazing behaviour 
(Gordon, 1995). In addition, observers must be well trained in the methods to ensure that 
plants and plant parts are identified properly and that bite size designations are consistent 
among observers.

The use of esophageal or rumen fistulated animals is generally accepted as one of the 
more accurate methods for obtaining a representative sample of what the animal has eaten 
(Pfister et al., 1990; Holecheck et al., 1982). These animals are surgically altered to insert 
an opening (fistula) in either the esophagus or rumen. The opening is allowed to heal and 
kept closed with rubber or plastic plugs until needed for sampling. 

For forage quality sampling with an esophageal fistulated animal, the animal is prepared 
for sampling by removing the plug and placing a bag over the esophageal opening. The 
animal is then allowed to graze, and the plant material which is eaten (extrusa) falls out 
of the esophageal opening and into the bag. At the end of the grazing session, the bag is 
removed and the fistula is plugged. The extrusa is removed from the bag, oven or freeze 
dried, and then analysed for forage quality indicators such as crude protein, fiber, digesti-
bility and other nutrients. 

For a rumen fistulated animal, the animal is prepared for sampling by removing the 
rumen plug/cover and conducting a total evacuation of the rumen contents (Ganskopp and 
Bohnert, 2006; Hirschfeld et al., 1996). The interior of the rumen is cleaned with water to 
remove all remaining material. The plug is replaced and the animal is allowed to graze for 
a session of 60 to 90 minutes. After the grazing session, the entire contents of the rumen 
are removed and later analysed for forage quality indicators. 

The advantages of rumen fistulation over esophageal fistulation are that rumen fistulat-
ed animals tend to heal quicker after surgery and require less supervision and care during 
the grazing session (Holecheck et al., 1982). Several disadvantages of using fistulated 
animals for forage quality assessment include the need to maintain a special herd of ani-
mals that require constant maintenance because of fistulation and the need to have highly 
trained personnel available to work with these animals (Van Soest, 1994). Because of these 
issues and the need to sample a large geographic space, the use of fistulated animals to 
assess diet quality for a national feed inventory is most likely not practical. 
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16.2.8 Indirect methods
Indirect methods of determining forage quality generally involve examinations of the live-
stock faeces for indicators that can be correlated with the quality of the forage eaten by the 
grazing animal. Early work on indirect methods involved examination of the constituents of 
faeces such as faecal nitrogen (Holechek et al., 1982; Squires and Siebert, 1983) and fiber 
components. For example, Wofford et al. (1985) used faecal nitrogen, non-fiber bound 
nitrogen, neutral detergent fiber, acid detergent fiber, acid detergent lignin and acid/pep-
sin disappearance as independent variables in regressions to predict forage intake, diet in 
vivo digestibility and diet nitrogen. Results indicated that faecal nitrogen did relatively well 
in predicting diet nitrogen which is useful in detecting crude protein deficiencies in cattle. 
However, predictive capability of intake and digestibility using faecal constituents was low.

Over the past 20 years, Near Infrared Reflectance Spectroscopy (NIRS) scanning of live-
stock faeces has emerged as a reliable tool for assessing the quality of forage grazed by 
ruminants (Dixon and Coates, 2010; Leite and Stuth, 1995; Li et al., 2007; Lyons and Stuth, 
1992; Showers et al., 2006; White et al., 2010; Dixon and Coates, 2009). The methodology 
for developing faecal NIRS (FNIRS) scanning capabilities involves development of reference 
equations that statistically compare near infrared spectral characteristics of the livestock 
faeces with quality constituents (e.g. crude protein, digestibility, fiber) of the forage eaten 
by livestock. Pairs of livestock diets and faeces that are needed for equation development 
can be gathered from feeding trials using penned animals (e.g. Li et al., 2007; Showers et 
al., 2006) or from trials using fistulated animals and free-ranging livestock (e.g. Leite and 
Stuth, 1995; Lyons and Stuth, 1992). 

For pen feeding trials, forages are gathered by hand and mixed to create a known diet. 
A range of qualities and mixes of plant species are used to capture the variety in the local 
area or region. The diets are then fed to livestock and faeces are collected from the animals 
for a period of days after feeding. For trials using fistulated animals, the animals are grazed 
in pastures having free-ranging livestock and the extrusa collected is used to represent the 
diet of the livestock. Faecal samples are collected from the free-ranging animals for a period 
of days after extrusa collection.

For both of the above methods, the diets are analysed for quality constituents and the 
faecal samples are scanned with the NIRS instrument. NIRS software is then used to develop 
a multivariate equation that predicts the quality of the diet from the spectral characteristics 
of the faeces. Statistics such as standard errors and regression r2 values can be calculated to 
assess the robustness of the equations. NIRS scanning of faeces for forage quality constitu-
ents generally has an accuracy that is similar to that of standard laboratory methods (Dixon 
and Coates, 2010; Lyons and Stuth, 1992; Showers et al., 2006; Decruyenaere et al., 2009). 

The advantages of FNIRS are that it provides a rapid and reliable means of assessing the 
quality of forage the livestock animal is eating (Dixon and Coates, 2009), samples can be 
easily acquired without destructive harvesting, and the forage quality information provided 
can assist livestock producers in managing the nutritional needs of their herds to meet pro-
duction goals (Dixon and Coates, 2009; Dixon and Coates, 2010). Disadvantages of FNIRS 
include the high up-front cost of the NIRS equipment, the need to develop feeding trials 
and equations that encompass the range of forage types and qualities that are encountered 
by the grazing animals in the region, and the need for independent validation of the FNIRS 
equations (Decruyenaere et al., 2009). 
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For a national feed inventory, FNIRS may be the most practical choice to assess diet 
quality across a nation. A research centre or project can be assigned to develop equations 
using livestock research herds and feeding trials to develop the equations needed for forage 
quality evaluation. However, the costs of equipment, training of personnel and logistics of 
gathering a large number of faecal samples to represent a region may be prohibitive. 

16.3 Remote-sensing approaches for  
forage quantity and quality assessment
The use of remote-sensing imagery is attractive for assessing vegetation conditions on 
rangelands because of the large areal coverage it provides, the ability to examine remote 
areas that may be inaccessible and the ability to receive information at greater temporal 
frequencies than from field sampling. Since the 1970s, remote-sensing imagery has been 
used to assess vegetation conditions on rangelands. For example, Rouse et al.(1973) used 
multispectral scanner (MSS) imagery to examine green-up and developed a vegetation 
index that was correlated to vegetation biomass. Since that time, many different approach-
es have been used to examine conditions on rangelands and for quantifying biomass. 

Vegetation indices derived from remote-sensing images are one of the more popular 
and extensively studied products for assessing vegetation biomass. Vegetation indices are 
transformations of spectral bands of the electromagnetic spectrum, measured as reflec-
tance from the earth’s surface by earth-observing satellites. These indices permit examina-
tion of the spatial and temporal variation and relative contribution of vegetation properties 
such photosynthetic activity and canopy structure (Huete et al., 2002). Vegetation indices 
can provide an unbiased representation of vegetation without regard to the soil type, land 
cover classification or climatic condition (Huete et al., 2002). Since the early 1970s, a vari-
ety of vegetation indices have been proposed (see Tucker, 1979; Huete et al., 2002 for a 
review of indices). These generally involve some combination of the red and near infrared 
(NIR) portions of the electromagnetic spectrum, specifically wavelengths in the 0.6–0.7μm 
(red) and 0.75–1.1 μm (NIR) ranges (Tucker et al., 1983). In the red range, much of the 
incident radiation is absorbed by leaf chlorophyll, whereas in the NIR range, the incident 
radiation is reflected by the leaf mesophyll cells. This provides a sharp contrast in the light 
reflectance back to the satellite that can be used for deriving ratios or indexing (Gitelson, 
2004; Hurcom and Harrison, 1998; Brown et al., 2006). 

Of the various vegetation indices, the Normalized Difference Vegetation Index (NDVI) 
is the most used and accepted historically (Cracknell, 2001). It was first proposed as the 
“Band Ratio Parameter” by Rouse et al. (1973). It came into wider use with the launch 
of the NOAA’s Advanced Very High Resolution Radiometer (AVHRR) instrument that had 
non-overlapping red and NIR spectral bands, thus allowing calculation of vegetation indices 
(Tucker et al., 2005). NDVI is computed from the red and NIR bands as follows: 

NDVI = (ρnir - ρr) / (ρnir + ρr )
where ρnir and ρr are the spectral reflectances of the near-infrared and red wavelengths, 
respectively. 

The index has a range of -1 to +1. Increasing amounts of vegetation move the index 
toward 1. Bare soil and rocks have similar red and NIR reflectances so the index is near zero 
for these surfaces. Snow, water, and clouds have higher red reflectance than NIR reflec-
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tance, so NDVI values for these surfaces are negative (Hurcom and Harrison, 1998). NDVI 
has been used as a surrogate to estimate leaf area index, vegetation biomass and fraction 
of absorbed photosynthetically active radiation (FAPAR) (Asrar et al., 1984; Sellers, 1985; 
Tucker, 1979).

Currently, multiple satellite platforms exist that are producing remote-sensing imagery 
and many of the products are freely available. The increased availability and generally low 
cost have made remote-sensing imagery an attractive tool for monitoring landscape con-
ditions. The low cost and dense dataset that it provides make it an appealing product for 
use in a national feed inventory. Below is an overview of remote-sensing applications for 
forage quantity and quality assessments with a discussion of empirical and remote-sensing 
input model approaches. 

16.3.1 Forage quantity
Two approaches have generally been used for assessment of biomass using remote-sensing 
imagery. These are: 1) empirical models that predict the forage biomass based on a statis-
tical relationship between the spectral bands (or some combination of bands) in the image 
and vegetation biomass, and 2) process models that use remote-sensing data as inputs for 
predicting vegetation biomass. 

16.3.2 Empirical approaches
Empirical approaches for assessing biomass using remote-sensing products generally 
involve using a regression relationship between the remote-sensing product variable and 
field-collected data on biomass (Dungan, 1998). For example, Tucker et al. (1983) used 
both a linear and logarithmic regression between the NDVI and ground collected biomass 
data to predict biomass on a regional scale in the Sahel region of Senegal. In the Xilingol 
Steppe of Inner Mongolia, Kawamura et al. (2005) found that the Enhanced Vegetation 
Index (EVI) derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) 
satellite was useful in predicting live biomass and total biomass. In New Zealand, forage in 
dairy pastures was predicted within a 10 percent error using a regression model that related 
NDVI and time of year to forage biomass (Mata et al., 2007). For rangelands in Jordan, 
Al-Bakri and Taylor (2003) used a linear regression model to predict shrub biomass produc-
tion. They stated that this approach has the potential for estimating carrying capacity for 
rangelands in Jordan. In Mongolia, rangeland biomass was estimated using a relationship 
between a vegetation health index and field-collected biomass data (Kogan et al., 2004). 
The vegetation health index was calculated using NDVI and brightness temperatures from 
the AVHRR satellite. The index provides an indication of anomalous vegetation conditions. 
In the northern Great Plains of the United States, Frank and Karn (2003) found a non linear 
response between biomass and NDVI, but this relationship was highly correlated (r2=0.83). 
In an examination of real-time mapping of biomass for fire risk assessment at Etosha 
National Park in Namibia, Sannier et al. (2002) used rapid field measurement techniques 
for grass and shrub vegetation and developed regression relationships between these 
and NDVI. They found good correlations between green biomass and NDVI, although the 
strength of these relationships was related to vegetation type. They concluded that the 
ability to predict biomass via these methods allows near real-time mapping of fire risk to 
be feasible for Etosha National Park. 
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16.3.3 Remote-sensing input models
One problem that has been noted for empirical models that use remote sensing data to pre-
dict biomass amounts is that they violate the regression assumption of no autocorrelation 
in the predictor variable(s) (Dungan, 1998; Foody, 2003). Given that most remote-sensing 
data is inherently autocorrelated (similarity in pixels as a function of distance), this assump-
tion should not be ignored. One way of overcoming this is to use plant growth models 
that are driven by remotely-sensed input variables on a pixel-by-pixel basis. Reeves et al. 
(2001) describe such an approach for predicting rangeland biomass using remote-sensing 
products from the MODIS system and a light use efficiency model for plant growth. Their 
approach uses the MODIS imagery to estimate FAPAR, which is then fed into a light use effi-
ciency model (Montieth, 1972, 1977) that estimates aboveground net primary productivity 
(ANPP). Regional maps of biomass are then produced at 1 km2 resolution. Hunt and Miyake 
(2006) used a similar light use efficiency model to predict stocking rates within 1 km2 cells 
for the entire state of Wyoming in the United States. Their model differed from Reeves et 
al. (2001) in that they used the NOAA Advanced Very High Resolution Radiometer (AVHRR) 
to estimate FAPAR and they converted aboveground net primary production to available 
forage to remove biomass not usable by livestock. 

Although much evidence exists that the application of biomass prediction on rangelands 
using remote-sensing variables is feasible, the extrapolation of these relationships to new 
areas is not always feasible or recommended. Generally, field data need to be collected for 
new areas or regions to develop the prediction equations. Another issue is that many of 
these models predict vegetation biomass, but do not address forage availability to specific 
grazers. If forage deficits or surpluses for specific kinds of livestock are to be addressed 
in a national feed inventory, grazer specific equations or models need to be developed to 
address available forage. In a study examining the use of remote-sensing data for esti-
mating forage biomass for carrying capacity assessments in Namibia, Espach et al. (2009) 
addressed issues of quantifying available forage by developing corrections for shrub bio-
mass that was unpalatable or not available to grazers. 

16.3.4 Forage quality
Research on using remote-sensing to estimate forage quality is not as extensive as that for 
the estimation of biomass. This is probably related to the difficulties involved in acquiring 
forage quality information to use in empirical and modelling approaches. Another issue is 
that as remote-sensing data becomes coarser in resolution, the pixel becomes an integrat-
ed representation of the vegetation, therefore making it more difficult to separate out the 
vegetation components that are eaten by the grazing animal. It also makes it difficult to 
determine an appropriate sampling scheme to measure forage quality, especially when vege-
tation becomes more heterogeneous and when multiple grazing animals are using the area. 

16.3.5 Empirical approaches
Empirical approaches for estimating forage quality generally involve examining statistical 
relationships between forage quality variables and spectral information from remote-sens-
ing imagery. Thoma et al. (2002) used simple linear regression with NDVI as the inde-
pendent variable to predict forage quality and quantity on rangelands in Montana, United 
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States. They reported reasonable relationships between NDVI and live biomass (r2 = 0.68), 
total biomass (r2 = 0.68), and nitrogen in standing biomass (r2 = 0.66), but found poor 
relationships with biomass (r2 = 0.18) and nitrogen concentration (r2 = 0.01) in standing 
dead biomass. In China, regression equations using the Enhanced Vegetation Index (EVI) 
derived from the MODIS sensor were used to predict live and dead biomass and crude pro-
tein in standing biomass (Kawamura et al., 2005). They found good predictability between 
standing live biomass and total biomass (green + dead) (r2 = 0.77 to 0.80), but found poor 
correlations with crude protein (r2 = 0.11).

Using faecal NIRS techniques to determine diet quality for white tail deer in Texas, Unit-
ed States, Showers et al. (2006) examined the ability of NDVI to predict deer diet quality. 
They found strong statistical relationships between NDVI and diet quality variables (crude 
protein, digestible organic matter and phosphorus) for all seasons (r2 >0.70), with the 
exception of phosphorus in the winter. 

16.3.6 Geostatistical interpolation
For a national feed inventory programme, the ability to map forage quality for a region or 
entire country is very useful. Because of the logistics and costs, it is likely be impractical 
to collect enough data to map forage quality based only on data collected from the field 
using direct or indirect methods. However, interpolation techniques such as co-kriging can 
be useful in mapping expensive, hard-to-collect variables given the availability of a second 
correlated variable that is easier and less costly to collect. Co-kriging is a geostatistical 
interpolation technique that calculates estimates for unknown points by using the weight-
ed linear average of the available samples of the primary and secondary variables. The 
secondary variable (covariate) is cross-correlated with the primary variable of interest and 
is usually sampled more frequently and regularly (Isaaks and Srivastava, 1989), thus allow-
ing estimation of unknown points using both variables. Remote-sensing imagery provides 
a dense and exhaustive data set that can serve as a secondary variable for geostatistical 
interpolation, given that a correlation (both direct and spatially) exists between the primary 
and secondary variable (Dungan, 1998). Co-kriging of forage quality was tested for cattle 
in Ghana using FNIRS-estimated diet quality attributes as the primary variable and NDVI 
as the secondary variable (Awuma et al., 2007). Diet quality attributes (crude protein and 
digestible organic matter) were collected from cattle at selected households throughout 
Ghana during 2000. The diet quality variables were paired with NDVI extracted for the 
pixels at the location and date of the faecal collection. The diet quality and NDVI data 
were subject to co-kriging analysis and maps were produced for the diet quality variables. 
Validation results indicated that co-kriging did a reasonable job of predicting crude protein 
during the dry season (r2 = 0.687) but not quite as well in the wet season (r2 = 0.513). For 
digestible organic matter, the co-kriging prediction was poor for the dry season (r2 = 0.13), 
but did reasonably better for the wet season (r2 = 0.548). It was speculated that this was 
related to the amount of shrub cover in some of the sampling areas that did not contrib-
ute to the available forage for cattle, but increased the greenness signal in the NDVI. The 
results of this study do indicate that the technique of mapping forage quality is feasible 
but additional study and validation will be needed to improve the results for use in national 
programmes.
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16.4 Use of simulation models for estimating forage quantity
Simulation modelling offers unique capabilities for estimating forage quantity for a national 
feed inventory programme. Although the initial efforts required to parameterize, calibrate and 
validate a simulation model can be time-consuming and expensive, especially for a national 
effort, the capabilities that simulation modelling provides, such as near real-time monitoring, 
forecasting and exploration of alternatives, make it an attractive choice for a national feed 
inventory programme. The use of simulation models for rangeland and grassland analysis has 
increased in the past 30 years due to increased computing capacity, accessibility of program-
ming languages and availability of data to parameterize the models. Rangeland/grassland 
simulation models have differing levels of complexity and many are designed to not only sim-
ulate biomass production but also examine other aspects such as hydrology, erosion, livestock 
production, ecosystem services and/or economics in an integrated, interacting framework. 
This framework allows users to examine ecosystem processes and management alternatives, 
and to predict response to differing alternatives (Wight and Skiles, 1987; Bouraoui and 
Wolfe, 1990; Carlson and Thurow, 1992). An overview of models that have been used for 
predicting biomass on rangelands is provided below along with examples of using simulation 
modelling in an integrated framework for risk management and decision-making.

16.4.1 Rangeland models
One of the first comprehensive rangeland simulation models was Simulation of Production 
and Utilization of Rangelands (SPUR) (Wight and Skiles, 1987). SPUR simulates rangeland 
ecosystem function and allows evaluation of changing management practices. The model 
is physically-based and has integrated climate, hydrology, plant, animal and economic mod-
ules (Carlson and Thurow, 1992; Hanson et al., 1992; Foy et al., 1999; Pierson et al., 2001). 
The SPUR model has been exercised in several different geographic locations to ascertain its 
ability to predict biomass production. For example, in a field study in north-central Texas, 
United States, Teague and Foy (2002) found a good agreement between the model output 
and measured aboveground biomass for warm season grasses and poor agreement with 
total aboveground biomass for cool season grasses. In southwestern Idaho, United States, 
SPUR model output was compared with peak standing biomass for shrubs (sagebrush), 
grasses and miscellaneous forbs (Pierson et al., 2001). Bottlebrush squirreltail grass (Elymus 
elymoides) biomass had the best correspondence with model output during the eight year 
time period examined, whereas sagebrush (Artemisia tridentata ssp. wyomingensis) and 
Sandberg bluegrass (Poa sandbergii) biomass corresponded to the model in four out of 
eight years and three out of eight years, respectively. 

Other simulation models capable of predicting rangeland biomass include the Water 
Erosion Prediction Project (WEPP) (Flanagan and Nearing 1995), the Agricultural Land 
Management Alternatives with Numerical Assessment Criteria (ALMANAC) (Kiniry et al., 
2002), and the Ecological Dynamics Simulation Model (EDYS) (Childress et al., 2002). The 
WEPP model was primarily developed as a replacement to the Universal Soil Loss Equation 
(USLE) with its primary focus on water erosion and sediment loss, but forage growth and 
grazing can be simulated to complement the erosion information (Flanagan and Nearing, 
1995). The ALMANAC model is a multi-species model that predicts biomass and also 
simulates water and nutrient balance (Kiniry et al., 2002). It was developed to perform 
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across a wide variety of soils and climatic conditions and is currently being used as the sim-
ulation model for rangeland biomass assessment for the Rangeland Conservation Effects 
Assessment Program for the United States Department of Agriculture. The EDYS model is 
a general rangeland process model capable of modelling changes in biomass as well as 
relevant ecological processes such as physical disturbance, plant uptake and growth, fire, 
herbivory, and management activities (Childress et al., 2002). It can model these dynamics 
at the plot scale, but can also be run in a gridded environment to capture spatial variability 
and to allow scaling. The model has been used to examine impacts of military training on 
vegetation and soil erosion, the impacts of expanding wild elk herds on winter pasture and 
endangered species habitat, and impacts of woody plant invasions. 

Another comprehensive rangeland biophysical model is the Phytomass Growth Simu-
lator Model (PHYGROW) (Stuth et al., 2003b). PHYGROW is a multi-species plant growth 
model capable of simulating biomass production, soil water dynamics, runoff, selective 
grazing by livestock and stocking rates of multiple livestock species. The plant growth 
sub-model in PHYGROW is a light use efficiency model (Montieth, 1972 1977) that simu-
lates plant growth optimal conditions (water non-limiting). The model then discounts plant 
growth based on the amount of water stress, temperature stress and livestock grazing 
demand based on the input climate variables and grazer herd composition and plant prefer-
ences. The grazing and stocking rate sub-model allows biomass to be selectively grazed by 
multiple kinds/classes of livestock having differing forage demands and forage preferences 
(Stuth et al., 2003b; Quirk and Stuth, 1995), thus allowing accounting of available forage 
by grazer. The model is the foundation of the regional livestock early warning system 
(LEWS) in East Africa (Ryan, 2005; Stuth et al., 2003a; Stuth et al., 2005) and Mongolia 
(Angerer, 2008; Bolor-Erdene et al., 2008). LEWS was developed for assessing near-real 
time forage conditions for managing drought and livestock movement. 

The Agriculture Policy/Environmental Extender Model (APEX) (Williams et al., 2008) 
has been used in a variety of pasture systems in the United States and elsewhere for con-
servation effect assessments and examination of best management practices. One of the 
unique aspects of APEX is that the model provides the ability to simulate management 
on whole farms, pasture systems or small watersheds in order to examine practices in 
relation to ecosystem services (e.g. water quality, soil quality, carbon sequestration, etc.). 
The model also allows evaluation of various management practices such as terracing, grass 
waterways, buffer strips, crop/pasture rotations, irrigation, drainage systems and manure 
management. The model is currently being updated to improve the grazing algorithm for 
simulating selective grazing in order to extend the capabilities of the model for rangelands 
(J. Williams, personal communication). 

16.4.2 Integrated approaches
Field-collected data, simulation model output and remote-sensing data can be integrated 
into a GIS to produce comprehensive outputs that can enhance the products produced for 
a national feed inventory programme. In addition, an integrated GIS framework can allow 
the use of geostatistical tools that can provide capabilities for interpolating forage quantity 
and quality point data or improve interpolation by taking advantage of cross-correlations 
between the forage data and remote-sensing variables. 
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An example of an integrated approach to forage quantity assessment on a regional level 
is the Livestock Early Warning System (LEWS) in East Africa (Stuth et al., 2003a; Stuth et al., 
2005) and Mongolia (Angerer, 2008; Bolor-Erdene et al., 2008). LEWS was developed to 
provide near real-time estimates of forage biomass and deviation from average conditions 
(anomalies) to provide pastoralists, policy-makers and other stakeholders with information 
on emerging forage conditions to improve risk management decision-making. The system 
combines field data collection from a series of monitoring sites, simulation model outputs, 
statistical forecasting and GIS to produce regional maps of current and forecast forage 
conditions (Figure 16.1). The system uses the PHYGROW simulation model as the primary 
tool for estimating forage conditions. Data on plants, soils, and grazers are collected from 
monitoring sites in the field and the data are stored in the PHYGROW model database. 
Climate data are acquired from national data sources and also stored in the database. 
The data are used to parameterize and calibrate the model. The simulation model runs 
for each monitoring site are every 15 days and the outputs are made available via the GIS 
web portal. To produce maps of forage conditions, the total forage available to livestock 
is output for each monitoring site and is merged with NDVI data for the region. Co-krig-
ing interpolation is then conducted to create regional maps of available forage. Anomaly 
maps (deviation from long-term average) of forage conditions are also produced to provide 
regional and local stakeholders with the ability to compare current conditions with those in 
the past and to identify areas of drought or poor forage conditions. 

The LEWS system also incorporates a statistical forecasting system that provides a 
projection of available forage conditions for 60 days into the future. Using GIS, the total 

Figure 16.1
Integrated framework for the Livestock Early Warning System modelling system  

for East Africa and Mongolia
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available forage (Figure 16.2) and forage anomaly maps (Figure 16.3) for East Africa are 
combined with base maps and are delivered to stakeholders. 

To install a system like LEWS for a national feed inventory requires investment in field 
data collection at selected monitoring sites across the region. During the initial visits to the 
site, the field data collected are used to parameterize and calibrate the simulation model. 
Subsequent field visits to the monitoring sites are needed for further calibration and model 
validation to ensure that model outputs are accurate. In addition, investments in computer 
and database infrastructure are needed to accommodate the simulation modelling, data 
storage and GIS integration.

16.4.3 Ecosystem models
Ecosystem models provide an opportunity to examine, in an integrated fashion, the com-
plex ecological and management processes that can influence forage biomass and quality 
changes over time. Instead of relying on empirical relationships for prediction, ecosystem 
models are process-based and are designed to simulate outcomes based on the complex 

Figure 16.2
A map of total forage available to grazers in East Africa during February 2010 that 
resulted from co-kriging interpolation of PHYGROW model output and NDVI data
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interactions among biotic, abiotic and human management processes. For a national feed 
inventory system, the use of ecosystem models provides the ability to holistically examine 
the processes of forage production and use by livestock and other herbivores. Specific caus-
es for feed deficits or surpluses are also explored to assist in determining where mitigating 
measures are needed or where improvements can be made to the system. 

The SAVANNA model (Coughenour, 1993; Chapter 15 of this Manual) is an ecosystem 
model that has been used extensively on rangelands in East Africa, Asia and the United 
States (Thornton et al., 2006, Wiesberg et al., 2006). It is a process-based, spatially explicit 
model that can simulate changes in forage quantity and quality in relation to climate, 
landscape position, plant community, selective herbivory and land management. The model 
is integrated with GIS to allow remote-sensing and spatial data layers to be easily incor-
porated into the model framework. The model contains modules for site hydrology, plant 
population dynamics, plant biomass production, herbivory, herbivore energy balance and 
grazing herbivore population dynamics. It is unique in its ability to simulate grazing animal 
movement in response to changing forage quantity and quality conditions, water distribu-

Figure 16.3
A map of forage deviation from long-term average 

(i.e. forage anomaly) in East Africa for February 2010 
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tions and topography, in addition to changes in population structure and herd productivity 
due to changes in vegetation quantity and quality (Ellis and Coughenour, 1998). 

The SAVANNA model was originally developed to examine the ecosystem dynamics and 
coping strategies of pastoralists in the Turkana region of Kenya and has since been adapted 
to many other regions and grazing systems (Boone and Wang, 2007; Ellis and Coughe-
nour, 1998). It has been used to assess forage-limited large herbivore dynamics in a wide 
variety of ecosystems worldwide (Coughenour 1999, 2002, 2005; www.nrel.colostate.edu/
projects/savanna). Equal attention is given to animal and vegetation responses in terms of 
forage intake, energy balance, spatial distribution and population dynamics. A comparison 
of this modelling approach with others is provided by Weisberg et al. (2006). Christensen et 
al. (2003) used the model to examine productivity differences and livestock grazing dynam-
ics under a range of stocking rates to provide insights into the sustainability of grasslands 
in Inner Mongolia in face of increasing grazing pressure. They identified thresholds where 
increased grazing pressure leads to changes in vegetation composition from herbaceous 
to shrub-dominated communities. Boone and Wang (2007) used the SAVANNA model to 
assess population dynamics of cattle under varying climatic regimes in Africa and found 
that precipitation amounts and variability were not always linked to changes in cattle pop-
ulations over time. Plumb et al. (2009) used the model to examine carrying capacities for 
bison in Yellowstone National Park, United States, and were able to recommend a general 
number of bison that could be supported by the park over time.

In using an ecosystem model such as SAVANNA for a national feed inventory pro-
gramme on rangelands, a significant amount of time and effort needs to be spent on 
acquiring the GIS data layers and collecting plant and animal data to parameterize the 
model. However, once the model is parameterized and calibrated, not only can estimates of 
forage biomass and quality be examined and mapped, but a whole range of other outputs 
can also be provided to assist decision-makers in understanding the underlying causes of 
feed deficits/surpluses. 

16.5 Influences of terrain, water distribution and other 
factors on forage availability
In previous sections, the concept of available forage was presented and the need to define 
available forage as being specific to the grazer(s) of interest was discussed. Other factors 
that can influence the availability of forage include terrain, distance to water and pene-
trability of shrubs and trees. The kind of grazing animal is also an important consideration 
because different kinds and classes of grazing animals differ in their ability to navigate 
these factors.

16.5.1 Terrain
Features of the landscape terrain can influence how livestock utilize vegetation. Slope of 
the terrain can be a primary factor that influences the accessibility of forage to grazers. For 
cattle, steep slopes are hard to navigate; therefore, utilization of forage by cattle on slopes 
greater than 60 percent is generally very low. Holechek et al. (2001) provide guidelines 
to account for the reduced grazing capacity for cattle based on percentage of slope. For 
slopes of 0 to 10 percent, no reduction in grazing capacity is needed. For slopes of 11 to 
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30 percent and 31 to 60 percent, a 30 percent and 60 percent reduction in grazing capacity 
is recommended, respectively. For slopes exceeding 60 percent, these areas are considered 
inaccessible to cattle; therefore grazing capacity should be reduced by 100 percent. Sheep 
and goats, because of their smaller body and hoof size, can navigate and utilize vegetation 
on steeper slopes. In their guidelines for grazing capacity reductions for sheep, Holechek et 
al. (2001) recommend that slopes greater than 45 percent be considered unusable. 

Determination of slope for grazing capacity reductions can be done using GIS software 
and Digital Elevation Model (DEM) data that are available to the public from various govern-
ment sources. The resolution of the DEM datasets vary, so considerations need to be made 
as to the appropriate resolution of the data for the analysis. Higher resolution DEM data 
can capture more detail in slope variation across the landscape, but may increase analysis 
time and data storage requirements. Once the slope percentages are determined from the 
DEM, GIS software can be used to assign the appropriate reductions in grazing capacity 
(or forage availability) based on the steepness of the slope and the kind of grazing animal. 
Figure 16.4 depicts a GIS classification of slopes for grazing capacity reduction using the 
above protocol for cattle. 

Another terrain factor that can influence utilization of forage on the landscape is the 
ruggedness or rock cover of the landscape. Cattle generally avoid very rocky surfaces, 
whereas sheep and goats can more easily navigate these. For example, Hohlt et al. (2009) 
found that cattle had preferences for grazing on specific soil types and areas where rock 

Figure 16.4
Slope correction classifications for forage grazing capacity reductions 

based on steepness of slope

Note: The correction classifications indicate the percentage reduction in grazing capacity recommended 
for the slope class. For example, areas represented for the 30 percent slope correction have available 
forage amounts reduced by 30 percent for inventories or stocking rate calculations.
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cover was below 30 percent. Assessing the degree of ruggedness and rock cover for terrain 
is difficult without field measurements or visual appraisals. High resolution aerial photogra-
phy can provide information on these factors, but may not be practical for a national and 
regional programme due to cost and availability. 

Spatial arrangement and density of vegetation, especially trees and shrubs, can influ-
ence use of forage on the landscape by grazing livestock. Thick, dense patches of shrubs 
and trees may be impenetrable for some kinds of livestock and therefore may impede 
foraging and reduce accessibility to forage beyond the boundary of the patch. On mixed-
shrub/grass rangeland in the Edwards Plateau region of Texas, United States, Owens et 
al. (1991), found that as shrub abundance increased, utilization of the grasses by cattle 
decreased. They attributed this decrease to the physical barrier created by dense shrubs. 
In studies using GPS receivers on cattle, Hohlt et al. (2009) found that cattle in both the 
Edwards Plateau and southern regions of Texas, United States, avoided areas of thick, 
dense shrub cover. To assess density and impenetrability of shrubs so that forage availability 
reductions can be made, field data collection and classification of shrub/tree cover using 
remote-sensing imagery, or aerial photography can be used to map areas of shrub and 
tree cover. However, for a regional and national feed inventory programme, the costs and 
logistics for collecting this data may be prohibitive. 

16.5.2 Distance to water
Another major factor influencing availability of livestock forage is distance to water. Like 
terrain, the degree to which this factor affects accessibility of forage is dependent on the 
kind of grazing animals. Cattle need water every day for efficient growth, therefore they 
generally will not utilize forage that is greater than 3.2 km from a water source (Holechek 
et al., 2001). Sheep and goats can traverse greater distances for forage because they do 
not require water each day (McDaniel and Tiedeman, 1981). Desert cattle breeds also 
require less water. Camels, with their unique adaptations to go without water for long 
periods, are able to range extremely far from water. 

Holechek et al. (2001) provide guidelines for reductions in cattle grazing capacity with 
increasing distance from water. For distances of 0 to 1.6 km, no reduction in grazing capac-
ity is needed. For distances of 1.6 to 3.2 km, a 50 percent reduction is recommended. For 
distances greater than 3.2 km, a 100 percent reduction is recommended (ungrazeable). 

Developing a map of grazing capacity reductions can easily be constructed using GIS 
software given that the locations of the water sources are known. Buffers of the distance 
classes can be built around each water point and merged to form a coverage of grazing 
capacity reductions. Figure 16.5 depicts a grazing capacity reduction map for water points 
within a pasture grazing system. 

To incorporate grazing capacity reductions due to distance to water in a regional or 
national feed inventory programme, a comprehensive geodatabase of water locations 
needs to be developed. This database must be updated periodically to add new locations 
and provide status updates for those water points already included in the system.
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16.6 Assessing animal production responses to  
forage quantity and quality
Because livestock production from grasslands and rangelands is a significant contribution 
to the overall GDP in many countries and is a component of the wealth and well-being of 
many people, especially pastoralists, the assessment of animal production as it is related 
to forage quantity and quality is important for monitoring at the national or regional level. 
Many countries conduct inventories of livestock, but rarely have the numbers of livestock 
been compared with the forage base to assess production capacity and/or sustainability of 
the forage resources. In the following sections, considerations for carrying capacity, stock-
ing rate and nutritional balancing are discussed, as well as ways in which a national feed 
inventory programme can be used to gather information for sustainable livestock produc-
tion and improved feed management. 

16.6.1 Carrying capacity and stocking rate considerations
Once a national or regional inventory of forage biomass is conducted through direct meas-
urements, remote-sensing methods, simulation modelling or combinations of these, then 
the forage biomass will need to be translated into numbers of animals that the forage base 
can support. Stocking rate can be defined as the number of animals allocated to a given 
land area for a specified time period. Grazing or carrying capacity can be defined as the 

Figure 16.5
Correction classifications for forage grazing capacity reductions 

based on distance to water

Note: The correction classifications indicate the percentage reduction in grazing capacity recommended for 
distance away from the watering point. For example, areas represented for the 50 percent distance to water 
correction have available forage amounts reduced by 50 percent for inventories or stocking rate calculations.
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maximum stocking rate for a given land area that can be used year after year without dam-
aging the vegetation or other associated resources (e.g. soil, water quality, etc.) (Holechek 
et al., 2001). Using the information on forage biomass, the characteristics of the grazing 
animal(s) and other data layers such as slope and distance to water, a stocking rate for the 
animals of interest can be calculated. 

Calculation of stocking rate is conducted in four steps: 1) determination of available 
forage; 2) adjustments for slope and distance to water; 3) calculation of forage demand; 
and 4) calculation of stocking rate. For the first step, the amount of available forage for the 
animal(s) of interest can be assessed using the tools and methodologies described in the 
previous sections. As discussed above, the amount of forage that is available to a particular 
grazer on a landscape is dependent on the plant species present and the dietary preferenc-
es of the grazing animal. Therefore, the forage biomass estimates determined through the 
national feed inventory needs to be partitioned into available forage for each grazer so that 
stocking rates can be calculated. Because of dietary overlap among grazing animals, care 
needs to be taken in partitioning the forage biomass to each grazer so that the portion of 
biomass where the diets overlap is separated properly; otherwise, too many animals will be 
allocated to the given land area. 

Once the available forage is determined, then the adjustments to available forage for 
slope and distance to water can be calculated. This can be done in a GIS where the avail-
able forage biomass data layer (Figure 16.6) is multiplied by the slope adjustment (Figure 
16.4) and distance to water adjustment (Figure 16.5), resulting in a map of usable forage 
(Figure 16.7). The usable forage can then be aggregated up to a boundary (e.g. pasture, 
administrative boundary, etc.) resulting in the total kilograms of usable forage for the area 
of interest.

Once the usable forage is determined, then the forage demand for the grazer of 
interest needs to be determined. The dry matter intake of most ruminants is 2 percent of 
their body weight (Holechek et al., 2001). Therefore, the average weight of the grazer can 
be multiplied by 2 percent to determine daily intake of forage. This is then multiplied by 
the number of days of grazing resulting in the forage demand per grazing animal for the 
grazing period (kg/head/period). 

For the stocking rate calculation, the total usable forage (from step 2) needs to be 
partitioned into forage that should be sustainably utilized for grazing by the animal (i.e. 
percent allowable use) and forage residue that will be left on the site to protect the soil and 
regenerate the plants. The percent of allowable use varies by vegetation type and climate, 
generally by from 25 to 50 percent. Holechek et al. (2001) provide guidelines on allowable 
use values for different vegetation types and rainfall regimes. After the total usable forage 
is multiplied by the percent of allowable use, the product provides the total kilograms of 
forage that is available for grazing. This amount is then divided by the forage demand 
(step 3) resulting in the total number of animals that can graze the area of interest.

The steps for calculating stocking rate (adapted from Holechek et al., 2001) are sum-
marized below:

1.	Determination of available forage (kg/ha of dry matter) for a given land area. 
Assessed through direct field measurement, remote-sensing methods, simulation 
modelling or combinations of these.
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Figure 16.6
Total forage available (kg/ha) for cattle in a pasture grazing system

Note: Total forage was assessed using field collected data and simulation modelling (PHYGROW).

Figure 16.7
Total usuable forage for cattle after total forage available (Figure 16.6) was corrected for 

slope (Figure 16.4) and distance to water (Figure 16.5) grazing capacity reductions
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2.	Calculation of usable forage (total kg dry matter) for area of interest.  
Available forage (kg/ha)	 x slope correction 
				    x distance to water correction 
				    x area (ha) 
				    = total usable forage available for grazing (kg)

3.	Calculation of forage demand. 
Weight of grazer (kg)		  x daily dry matter intake (2 percent of body weight) 
				    x length of time area will be grazed (days) 
				    = forage demand per grazer for grazing period (kg)

4.	Calculation of stocking rate. 
Total usable forage (kg)	 x allowable use (percent) 
				    ÷ forage demand per grazer (kg) 
				    = number of grazing animals (hd)

An important consideration in developing the stocking rates is to account for wildlife 
use of forage, and events that may reduce the amount of forage such as fire. In areas such 
as Africa where livestock and wildlife share grazing areas, accounting for forage use by 
wildlife is extremely important otherwise stocking rate calculations result in allocating more 
animals than an area can sustainably support. Also, for national inventories, it is important 
to have good base maps of national parks boundaries, reserves and other non-grazeable 
areas so that these land areas are not included in the forage inventory or stocking rate 
analysis.

16.6.2 Nutritional balancing
For forage quality assessments, nutritional balancing decision tools can be useful in assess-
ing supplemental feed requirements for enhancing/maintaining production and optimal 
strategies for supplemental feeding during rangeland forage shortages. Nutritional balance 
software is available that allows users to input information on the quality of the forage 
the animals are grazing and receive information on what supplemental feed is needed for 
maintaining performance goals. One such software package is NUTBAL (http://cnrit.tamu.
edu/), which models the crude protein and net energy status of cattle, sheep and goats. 
This computerized decision aide allows the user to enter the kind, class and breed of animal 
to be monitored, current body condition, current climate conditions, weight performance 
targets and forage quality information (crude protein and digestible organic matter). A 
nutritional balance is calculated and a report is provided describing the protein and net 
energy conditions for the animal. If a protein or energy deficiency exists, a least cost ration 
is calculated from a list of feeds or fodders available to the user. 

Additional decision support tools for nutritional balancing include the Small Ruminant 
Nutrition System (http://nutritionmodels.tamu.edu/srns.htm) and the Langston University 
Nutrition Requirements for Goats calculator (http://www.luresext.edu/goats/research/ 
nutreqgoats.html). Both have been designed to address nutritional balances for sheep and 
goat nutrition.



Conducting national feed assessments190

16.7 Data management for a national  
feed inventory programme
For a national feed inventory programme to be successfully implemented, data manage-
ment and quality control infrastructure will be needed. The large amount of data that are 
generated as part of the inventory need to be stored in relational databases to ease data 
summary and availability. If remote sensing and/or simulation modelling are used, comput-
ing systems capable of handling and storing this type of data, as well as possessing the 
capability to run the software efficiently, will be required. Since much of the data will be 
spatial in nature, a GIS that is integrated with the inventory database will ease analysis, 
reporting and map production. Finally, qualified personnel will be needed to maintain, 
enhance and troubleshoot the system in order for the system to be sustainable. The data 
management, GIS and personnel requirements that need to be considered for implement-
ing a national feed inventory are described below.

16.7.1 Data management and infrastructure
Regardless of methodology used to gather data on forage quantity and quality, a tremen-
dous amount of data will need to be acquired and managed for a national feed inventory 
programme. Prior to implementation of the feed inventory, a data management plan will 
need to be developed that outlines how data will be collected, how and where it will be 
stored, and methods for data access. Once the data management plan is agreed on, the 
necessary infrastructure to support the data storage and analysis will need to be purchased 
and installed. Figure 16.8 provides a generalized structure of a data management system 
for a national feed inventory. The core of the system is a centralized database that stores 
data and allows easy retrieval. Field data are collected and entered into a data entry por-
tal which ensures that all the required information is input into the central database in a 
standardized format. Remote-sensing, climate, soils and grazer information can be gath-
ered from other sources and stored in the database. In the case of remote-sensing and 
climate data, these may be links to remote systems for near real-time data acquisition. If 
simulation modelling is used for the inventory, the centralized database can integrate the 
field data and data from other sources to provide inputs to the simulation model, and act 
as storage for the simulation model output. A data transfer and mining engine extracts 
data and transfers it to a web portal or a GIS. The web portal acts as the user interface for 
extracting reports or data from the feed inventory system. Linkages to the GIS allow map-
ping and spatial analysis of data that can be displayed via a mapping portal or integrated 
into the web portal. 

Equipment needed for this data management system includes disk arrays for the cen-
tralized data storage and backup, web servers for the data entry and web portals, worksta-
tions or server(s) for the GIS, server(s) for simulation modelling, and backup power supplies. 
Infrastructure includes a secure space to house the equipment that has adequate power 
and cooling. A high-speed internet connection is needed for efficient data download and 
web presence. 

To reduce software costs, open source software such as PostgreSQL (http://www.post-
gresql.org/) could be acquired for database management. For data entry, data transfer and 
mining engine, and web portal, software and web pages need to be designed and coded 
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to accommodate the specific needs of the national feed inventory. For the GIS, open source 
systems are available; however, the commercial GIS and image analysis packages that are 
currently available are more robust and can accommodate the mapping and analysis that is 
required for a national feed inventory. The majority of commercial GIS and image analysis 
software packages require site licensing, so this cost needs to be factored into the yearly 
maintenance costs of the system. 

16.7.2 Personnel 
Having qualified personnel available for working with the database management system 
will be paramount for successful implementation of a national feed inventory. At a mini-
mum, three people need to be assigned to maintain the system. First, a system adminis-
trator with demonstrated experience in managing hardware and software for enterprise 
databases and web servers is needed. Second, a systems analyst is required for software 
and web page development and to develop scripting tools for data extraction and retrieval. 
Third, a GIS specialist is needed for the feed inventory spatial analysis and for developing 
map products. The data management personnel could be part of a larger information tech-
nology (IT) staff, but the majority of their time would need to be dedicated to maintaining 
the system. 

16.8 Summary
A comprehensive quantification of livestock feeds is needed at national level in order for 
countries to develop policies for maintaining or increasing livestock production and for 
developing contingencies in the face of drought or other disasters. For rangeland and 
grassland systems, quantification of forage quantity and quality for feed inventories can be 
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a challenge because of the large land areas that grasslands/rangelands occupy, their remote 
locations and the diverse mix of livestock species that graze these lands.

For both forage quantity and quality assessment, a number of methods have been 
developed for measurement of these variables that vary in levels of accuracy, time spent 
in the field and logistical implementation. For forage quantity measurements, methods 
include direct measurements of vegetation, estimation with proxy variables, simulation 
modelling or combinations of these. For forage quality measurement, direct, indirect and 
estimation with proxy variable methods are available. Logistics, costs, timing of data col-
lection and availability of qualified personnel all influence the choice of method for both 
forage quantity and quality assessment.

Direct field measurement techniques are the most accurate methods for assessing forage 
quality on rangelands. However, field techniques generally require a large amount of time 
and resources for data collection, especially if data collection is required for an entire country 
on a yearly basis. Field measurement methods for forage biomass include direct measure-
ment techniques where biomass is sampled and weighed, estimation techniques where the 
biomass weight is estimated by the observer, or combinations of these methods. The most 
common direct measurement method for measuring forage biomass is the quadrat method 
where a series of quadrats of known area are clipped, later weighed, and the weights aver-
aged to produce an estimate of forage biomass. Because of the time required for clipping 
a large number of quadrats, estimation techniques can be used to reduce the number of 
clipped samples and to reduce sampling time. Two popular methods are the weight unit 
method and the double sampling method. The weight unit method allows field personnel 
to visually estimate the majority of the quadrats based on predetermined weight units. The 
double sampling method combines quadrat clipping with an easily measured variable such 
as plant cover to develop a statistical equation to predict biomass in unclipped quadrats. 

For a national feed inventory that relies on direct measurements or measurements 
using estimation techniques, a sampling plan needs to be developed that would allow the 
productivity of the region to be properly represented and provide a means for scaling the 
results to regional or national levels. GIS software and data layers such as soils, vegetation 
and roads can assist in stratifying regional and national land areas into representative sam-
pling units. These areas can be delineated in the GIS and provide the means for aggregating 
to national levels.

Remote-sensing techniques for assessing forage biomass include empirical prediction 
models and process models that use remote-sensing inputs to predict biomass. Empirical 
models predict biomass amounts based on a statistical relationship between the biomass 
and the spectral bands (or combinations of these) from the remote-sensing imagery. Pro-
cess models based on remote-sensing data generally involve using variables derived from 
remote-sensing imagery to drive a light use efficiency or similar process model to predict 
biomass. Regardless of whether empirical or process models are used with remote-sensing 
information to derive biomass, direct measurement data are generally needed to develop the 
statistical relationship or to validate the model outputs. Disadvantages of using remote-sens-
ing techniques to predict forage quantity include problems with extrapolating the data to 
new areas and the inability of the models to predict biomass for specific grazing animals. 

Simulation modelling offers unique capabilities for an assessment of forage quantity 
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needed for a national feed inventory programme. Initially, simulation modelling can be 
time-consuming and expensive for efforts in parameterizing, calibrating and validating the 
simulation model. However, the capabilities that simulation modelling provides, such as 
near real-time monitoring, forecasting and exploration of alternatives, makes it an attrac-
tive choice for a national feed inventory programme. Several different simulation models 
are available for estimation of forage biomass on rangelands and grasslands. The choice of 
model should be driven by the needs of the national feed inventory programme. The mod-
els can be integrated with GIS software and other data for improving the spatial relevance 
of the data and/or extending the simulation model outputs. For a comprehensive analysis 
of forage biomass production in relation to other ecosystem processes and variables, 
ecosystem models can be used. The use of ecosystem models in a national feed inventory 
system provides the ability to holistically examine the processes of forage production and 
use by livestock and explore specific causes for feed deficits or surpluses. This information 
can then be used to assist in determining interventions or deciding where improvements 
can be made in forage production. 

For assessments of forage quality, direct measurements generally involve animal obser-
vation or the use of research animals that have esophageal or rumen fistulas. Animal obser-
vation methods include hand plucking vegetation or bite counting. Both methods can be 
time-consuming and require the use of relatively tame animals for the field observations. 
The use of esophageal or rumen fistulated animals is generally accepted as one of the more 
accurate methods for obtaining forage quality estimates. For this method, research animals 
are surgically altered by cutting a hole in the esophagus or rumen. A plug is placed in the 
hole and removed when used for forage quality sampling. Vegetation that falls out of the 
esophagus or accumulates in the rumen is collected and sampled for quality. Disadvantages 
of using fistulated animals for forage quality assessment include the need to maintain a 
special herd of animals that require constant maintenance because of fistulation and the 
need for highly trained personnel to work with these animals. Because of these issues and 
the need to sample a large geographic space, the use of fistulated animals to conduct 
assessments of diet quality for a national feed inventory is generally not practical. 

Indirect methods of determining forage quality generally involve examinations of live-
stock faeces for indicators that can be correlated with the quality of the forage eaten by the 
grazing animal. Early work on indirect methods involved examination of the constituents of 
faeces such as faecal nitrogen and fiber components. More recently, the use of Near Infra-
red Reflectance Spectroscopy (NIRS) scanning of livestock faeces has emerged as a reliable 
tool for assessing the quality of forage grazed by ruminants. The methodology for devel-
oping faecal NIRS (FNIRS) scanning capabilities involves development of reference equations 
that statistically compare near infrared spectral characteristics of the livestock faeces with 
quality constituents (e.g. crude protein, digestibility, fiber) of the forage eaten by the live-
stock. The diet quality information needed for equation development can be gathered from 
feeding trials using penned animals or from trials using fistulated animals and free-ranging 
livestock. Advantages of FNIRS are that it provides a rapid and reliable means of assessing 
the quality of forage the livestock animal is eating, and samples can be easily acquired 
without destructive harvesting. Disadvantages of FNIRS include the high up-front cost of 
the NIRS equipment, the need to develop feeding trials and equations that encompass the 
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range of forage types and qualities, and the need for independent validation of the FNIRS 
equations. For a national feed inventory, FNIRS may be the most practical choice to assess 
diet quality across a nation. However, the costs of equipment, training of personnel and 
logistics of gathering faecal samples to represent the region may be prohibitive. 

Approaches for using remote-sensing data to estimate forage quality generally involve 
the development of statistical relationships between remote-sensing spectral band data 
and forage quality variables such as crude protein and forage digestibility. Several studies 
have examined these in relation to NDVI derived from remote-sensing imagery to represent 
vegetation greenness. Other methods include the use of interpolation techniques such as 
co-kriging that allow mapping of forage quality based on spatial correlations between for-
age quality variables and remote-sensing data such as NDVI. The forage quality data are col-
lected at representative locations throughout a region and co-kriging with NDVI data allows 
interpolation of the quality data so that landscape maps of forage quality can be produced. 

Terrain factors such as slope and shrub/tree density along with distance to water can 
influence the availability of biomass for livestock grazing, but the degree to which these 
factors influence availability is dependent on the kind of livestock. Slopes greater than 45 
percent are hard to access by most livestock so considerations should be made about the 
usability of vegetation in areas of steep slopes. Very rocky areas or areas of dense shrubs 
and trees can also limit the ability of cattle to graze the vegetation in these areas. However, 
sheep and goats can generally navigate these areas because of smaller body and hoof sizes. 

Distance to water also influences the availability or usability of forage in a region. Cattle 
need water every day for efficient growth so they generally do not travel more than 3.2 km 
from water unless they are herded. Sheep and goats can graze at much longer distances 
from water sources because they do not need to water each day. For a feed inventory in 
areas with large distance between water sources, corrections may be needed to reduce 
forage allocations for some grazing livestock. 

Since livestock production on grasslands and rangelands is a significant contribution to 
the overall GDP in many countries and is a component of the wealth and well-being of 
many people, especially pastoralists, the assessment of animal production as it is related 
to forage quantity and quality is important for monitoring at the national or regional level. 
The development of a national feed inventory for assessing forage biomass provides the 
opportunity to assess production capacity through an assessment of stocking rates. The 
inventory of forage quality information can be used improve livestock production and feed 
management through nutritional balancing. It can also be used to assess supplemental feed 
requirements for enhancing/maintaining production and optimal strategies for supplemen-
tal feeding during rangeland forage shortages.

For a national feed inventory programme to be successfully implemented, data man-
agement and quality control system infrastructure will be needed. A tremendous amount 
of data will need to be acquired, and therefore a data management plan will need to be 
developed at the inception of the programme that outlines how data will be collected, how 
and where it will be stored, and methods for data access. A centralized database system 
with a portal for entering field data and a web portal for data extraction and visualization 
provides usability and flexibility in the system. Linking the database to a GIS allows mapping 
and spatial analysis of data that can be displayed via a mapping portal or integrated into 
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the web portal. Qualified IT personnel are needed to support the database management 
system and ensure that quality control is maintained. 
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A National Feed Assessment System (NFAS) is a complete set of procedures, 
facilities, tools, personnel, organizations, and institutions involved in the 
collecting, handling, processing of data necessary to calculate and report the 
supplies of livestock feeds from all sources and for all livestock types in a 
country. It is comprised of numerous components which interact in an 
integrated manner to achieve a common outcome, the National Feed 
Assessment (NFA). A NFA is a data- and computation-based analysis of the 
supplies and demands for livestock feeds in a country. 

Accurate assessments of current and future supplies and demands for livestock 
feed are needed for national food security policy and planning, as well as the 
setting of environmentally sustainable stocking rates.  Feed resources must be 
assessed and monitored to provide information for the development and 
implementation of policies that will contribute to the sustainable growth of 
national livestock sectors. Assessments will provide information on feed resource 
availabilities that will enable optimal policy decisions regarding the use of 
national feed resources.

This document provides guidance to countries in developing NFASs. Members of 
governments and research organizations who wish to establish NFASs will likely 
seek guidance on the technical issues and procedural aspects of building and 
institutionalizing NFASs. A set of recommended step-wise procedures is given for 
implementing NFASs, including procedures for planning, establishing, and 
updating a NFAS. It is hoped that using the information provided in this 
document countries will initiate activities to establish and maintain the NFA.
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